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ABSOLUTE RADIOMETERS FOR USE I N  BALLISTIC-RANGE 

AND SHOCK-TUBE EXPERIMENTS 

By Roger A.  Cra ig  and W i l l i a m  C .  Davy 

Ames Research Center  

S W R Y  

This r e p o r t  is  a d i scuss ion  of  t h e  des ign ,  c a l i b r a t i o n ,  and use  of  
radiometers  t o  measure abso lu te  s p e c t r a l  emission i n  b a l l i s t i c - r a n g e  and 
shock-tube experiments.  These radiometers  are cha rac t e r i zed  by a frequency 
response and a dynamic range s u f f i c i e n t  t o  span t h e  widely d i f f e r e n t  f r e -  
quencies and i n t e n s i t i e s  o f  c a l i b r a t i o n  and experiment sou rces .  Radiometers 
d i scussed  c o n s i s t  of a f i l t e r  ( t ransmiss ion  f i l t e r  o r  monochromator), a 
d e t e c t o r  ( m u l t i p l i e r  phototube o r  i n f r a r e d  photodiode) , and a close-coupled 
ampl i f i e r .  
emission from a c a l i b r a t i o n  s t anda rd .  
radiometers  (e  . g . ,  mul t ip l ie r -photo tube  s t a b i l i t y  and s a t u r a t i o n ,  i n f r a r e d  
photodiode r i s e  time and l i n e a r i t y ,  l i m i t i n g  no i se ,  f i l t e r  s ide-band 
t ransmiss ion  and s t anda rd  lamp opera t ion)  a r e  d iscussed .  

Response equat ions a r e  developed t h a t  r e l a t e  t h e  t e s t  d a t a  t o  
The p r i n c i p a l  problems of  use  of t h e s e  

Three c u r r e n t l y  ope ra t ing  b a l l i s t i c - r a n g e  and shock-tube app l i ca t ions  
a t  t h e  Ames Research Center a r e  descr ibed  i n  d e t a i l .  

INTRODUCTION 

One of  t h e  important  phenomena of  hypersonic  f l i g h t  i s  t h e  r a d i a t i o n  of 
energy from t h e  v e h i c l e  flow f i e l d .  Such r a d i a t i o n ,  by chemical spec ie s  
der ived  from t h e  atmosphere ( r e f .  1) o r  by spec ie s  t h a t  a r e  products  of t h e  
a b l a t i o n  process  ( r e f s .  2 and 3) can p a r t i c i p a t e  impor tan t ly  i n  energy t r a n s -  
p o r t  w i th in  t h e  flow f i e l d .  Add i t iona l ly ,  t h i s  r a d i a t i o n  i s  an important 
d i agnos t i c  t o o l  f o r  t h e  s tudy of chemical and thermodynamic processes  t h a t  
occur  i n  t h e  flow f i e l d .  Severa l  techniques have been developed f o r  gener- 
a t i n g  i n  t h e  labora tory  t h e  high-temperature  condi t ions  t h a t  approximate t h e  
hypersonic  flow f i e l d .  Two of  t h e  most popular  devices  f o r  t h i s  are t h e  
b a l l i s t i c  range ( r e f .  4 )  and t h e  shock tube  ( r e f .  5 ) .  

The development and c a l i b r a t i o n  of  rad iometr ic  ins t rumenta t ion  f o r  u se  
i n  b a l l i s t i c  ranges and shock tubes r ep resen t  a major p o r t i o n  o f  t h e  e f f o r t  
r equ i r ed  t o  ob ta in  t rus twor thy  r a d i a t i o n  da ta .  Experimentation i n  e i t h e r  of 
t hese  devices  imposes c o n s t r a i n t s  on t h e  radiometer  system t h a t  are somewhat 
unique. Applicat ions t o  which a s u b s t a n t i a l  p o r t i o n  of  t h e  s t anda rd  l i t e r a -  
t u r e  i s  d i r e c t e d  ( e .g . ,  astronomical3 a r e  cha rac t e r i zed  by very weak s i g n a l s  
and long du ra t ion  exposures (minutes t o  hour s ) .  Many o t h e r  r e fe rences  are 
concerned with t h e  d e t e c t i o n  of  i n f r a r e d  sources  r a t h e r  than  source s t r e n g t h  
measurement. I n  c o n t r a s t  t o  t h i s ,  b a l l i s t i c - r a n g e  and shock-tube t e s t s  



c h a r a c t e r i s t i c a l l y  have s h o r t  t es t  times ( t h e  o r d e r  of  t ens  of  microseconds 
o r  l e s s ) ;  hence,  t h e  radiometers  must i n h e r e n t l y  b e  sho r t - r i s e - t ime  i n s t r u -  
ments. 
c a l l y  d i f f e r e n t  r a d i a t i o n - d e t e c t o r  environments, t h e  e x t r a p o l a t i o n  o f  
c a l i b r a t i o n  d a t a  t o  t h e  i n t e r p r e t a t i o n  o f  t e s t  r e s u l t s  must b e  done wi th  g r e a t  
care. I n  p a r t i c u l a r ,  t h e  experiment o f t e n  r e q u i r e s  measurements over  an 
extreme range of  i n t e n s i t i e s ,  from i n t e n s e  t o  weak, whereas c a l i b r a t i o n  source  
i n t e n s i t y  i s  l i m i t e d  t o  an o f t e n  weak maximum; hence, instrument  l i n e a r i t y  and 
dynamic range must be  known. Addi t iona l ly ,  c a l i b r a t i o n  i s  usua l ly  done i n  a 
continuous mode wi th  a s t eady  o r  modulated r a d i a t i o n  f l u x ,  whereas t h e  t e s t  
produces a s i n g l e ,  s h o r t  du ra t ion ,  r a d i a t i o n  p u l s e  t h a t  occurs  a f t e r  t h e  
radiometer  has  experienced a pe r iod  of dark quiescence;  thus  i t  i s  necessary 
t o  know t h e  r e l a t i o n s h i p  between p u l s e  and continuous mode opera t ion .  These 
a r e  examples o f  b u t  two of  s e v e r a l  problems t h a t  are encountered. 

I n  a d d i t i o n ,  because c a l i b r a t i o n  and t e s t i n g  u s u a l l y  r ep resen t  r a d i -  

Many types o f  d e t e c t o r s  used i n  b a l l i s t i c  ranges and shock tubes have 
been descr ibed  i n  t h e  l i t e r a t u r e .  These can be  ca t egor i zed  i n t o  two broad 
c l a s s e s :  thermal d e t e c t o r s  and quantum d e t e c t o r s .  The ope ra t ion  of  thermal 
d e t e c t o r s  depends on the  absorbed energy modulating an i n t r i n s i c  phys ica l  
p roper ty  of  t h e  d e t e c t o r  (usua l ly  e l e c t r i c a l )  such as b i m e t a l l i c  j unc t ion  
p o t e n t i a l ,  e l e c t r i c a l  conduct iv i ty ,  p o l a r i z a t i o n ,  o r  capac i tance .  These 
de t ec to r s  u sua l ly  r e l y  on a blackened s u r f a c e  t o  ensure uniform s p e c t r a l  
response and are gene ra l ly  used t o  measure t h e  t o t a l  r a d i a n t  power of  t h e  
t e s t  event  ( r e f .  6 )  . Quantum d e t e c t o r s ,  (phototubes,  m u l t i p l i e r  phototubes,  
and s o l i d - s t a t e  de t ec to r s )  on the  o t h e r  hand, employ phenomena t h a t  convert  
quanta  d i r e c t l y  i n t o  e l e c t r i c a l  c u r r e n t .  Quantum d e t e c t o r s  a r e  much more 
s e n s i t i v e  than thermal d e t e c t o r s ;  s e e ,  €or example, t h e  f i g u r e s  of  r e f e r -  
ence 7 ,  chap te r  10.  However, because of  t h e  t r a n s i t i o n s  t h a t  occur  i n  quan- 
tum d e t e c t o r s ,  t h e  s p e c t r a l  response i s  l i m i t e d  t o  wavelengths s h o r t e r  than 
those  corresponding t o  some th re sho ld  energy. 

The purpose of t h i s  paper  i s  t o  r e l i e v e  a sometimes f r u s t r a t i n g  problem 
t h a t  i s  presented  t o  t h e  experimenter who has e x p e r t i s e  i n  t h e  problem be ing  
s t u d i e d  i n  t h e  f a c i l i t y  r a t h e r  than i n  r ad iomet r i c  measurement techniques .  
Since it is  o f t e n  d i f f i c u l t  and very time-consuming t o  decipher  t h e  s tandard  
rad iometr ic  l i t e r a t u r e , w e  w i l l  a t tempt  h e r e  t o  p r e s e n t ,  i n  a concise  and 
reasonably comprehensive form, t h e  general  no t ions  r equ i r ed  t o  design and use  
rad iometr ic  apparatus  i n  a shock tube o r  a b a l l i s t i c  range.  
w i l l  d i scuss  t h e  types of  radiometers  t h a t  a r e  i n  genera l  use i n  these  
f a c i l i t i e s  a t  t h e  Ames Research Center.  These radiometers  c o n s i s t  o f  a 
d e t e c t o r  ( e i t h e r  a m u l t i p l i e r  phototube o r  a cooled s o l i d - s t a t e  i n f r a r e d  
d e t e c t o r ) ,  a s p e c t r a l  f i l t e r ,  a close-coupled a m p l i f i e r ,  and a record ing  
osc i l l o scope .  
monochromator. 

In  add i t ion ,  we 

The s p e c t r a l  f i l t e r  i s  e i t h e r  some form of o p t i c a l  f i l t e r  o r  

Response equat ions a r e  der ived  f o r  radiometers  t h a t  u t i l i z e  o p t i c a l  
f i l t e r s  o r  monochromators. The r e s u l t s  o f  t h e  mathematical ana lys i s  of t h e  
monochromator-radiometer allow v a r i a t i o n  of  s e n s i t i v i t y ,  s p e c t r a l  coverage, 
and band-pass shape without  r e c a l i b r a t i o n .  Also d iscussed  a r e  c a l i b r a t i o n  
techniques with emphasis on o f t e n  troublesome p o i n t s ,  such as m u l t i p l i e r -  
phototube s t a b i l i t y ,  i n f r a r e d  d e t e c t o r  r i se  time and l i n e a r i t y ,  l i m i t i n g  
no i se ,  f i l t e r  side-band t ransmiss ion ,  and s t anda rd  lamp ope ra t ion .  
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Three c u r r e n t l y  ope ra t ing  b a l l i s t i c - r a n g e  and shock-tube a p p l i c a t i o n s  a t  
Ames Research Center  are descr ibed .  

Appendix B y  by Donald E .  Humphrey, desc r ibes  two ampl i f i e r s  used i n  t h e  
radiometers  d i scussed  i n  t h e  t e x t .  

SYMBOLS 

radiometer  a p e r t u r e ,  cm2 

capaci'tance, F 

monochromator r e c i p r o c a l  d i s p e r s i o n ,  p/cm 

d e t e c t o r  quantum e f f i c i e n c y ,  A/W 

source  s p e c t r a l  rad iance ,  W/cm2-p 

e l e c t r o n  charge,  1 . 6 0 2 ~ 1 0 - ~ ~  C 

monochromator-radiometer s e n s i t i v i t y  func t ion ,  equat ion  (A7) 

normalized t r a n s f e r  func t ion  o f  monochromator-radiometer 

r a t i o  of  abso lu t e  s p e c t r a l  f l u x  t o  r e l a t i v e  s p e c t r a l  f l u x ,  
equat ion  (7a) 

radiometer  e l e c t r o n i c  s e n s i t i v i t y ,  V I A  

monochromator-radiometer c a l i b r a t i o n  cons t an t ,  V-cm/W, equa t ion  (A8) 

c u r r e n t ,  A 

mean d e t e c t o r  cu r ren t  generated by tes t  event ,  A 

mean d e t e c t o r  c u r r e n t  generated by t h e  background r a d i a t i o n ,  A 

mean output  c u r r e n t  from d e t e c t o r ,  A 

i r r a d i a n c e  on t h e  radiometer  a p e r t u r e  , W/cm2-v 

equ iva len t  average s p e c t r a l  i r r a d i a n c e  from a continuum source ,  
equat ion  (5) , W/cm2-1J- 

r e l a t i v e  s p e c t r a l  i r r a d i a n c e ,  W/cm2-p 

s t anda rd  source  s p e c t r a l  i r r a d i a n c e  , W/cm2-v 

monochromator s l i t  h e i g h t ,  c m  

3 



number of  photoe lec t rons  contained i n  a t ime- re so lu t ion  i n t e r v a l  

mul t ip l ie r -photo tube  n o i s e  f a c t o r  

d e t e c t o r  s p e c t r a l  response,  A-cm2/W 

radiometer  s p e c t r a l  response,  A-cm2/W 

monochromator en t rance  and e x i t  s l i t  wid ths ,  r e s p e c t i v e l y ,  cm 

monochromator i n d i c a t e d  s l i t  wid th ,  cm, equat ion  (A10) 

temperature ,  O K  

s p e c t r a l  f i l t e r  t ransmiss ion  

radiometer  ou tput  s i g n a l ,  V 

radiometer  ou tput  i n  response t o  t h e  c a l i b r a t i o n  source 
i r r a d i a n c e ,  V 

radiometer  ou tput  i n  response t o  t h e  t e s t  i r r a d i a n c e ,  V 

P1 anck ' s func t ion ,  W/ cm2 - ~-r 

t o t a l  emis s iv i ty  of  tungs ten  

emis s iv i ty  of tungs ten  

e l e c t r o n i c  band pass ,  Hz 

monochromator i n d i c a t e d  s l i t  width c o r r e c t i o n ,  c m ,  equat ion (A10) 

measurement time i n t e r v a l ,  s e c  

wavelength, u 

wavelength a t  which radiometer  has maximum s e n s i t i v i t y ,  o r  
monochromator g r a t i n g  d r i v e  s e t t i n g ,  1-1 

e l e c t r o n i c  r i s e  t ime:  t h a t  i s ,  t ime f o r  0 . 1  t o  0 . 9  response t o  
s t e p  func t ion ,  s e c  

aggregate  t ransmiss ion  of t he  i n t e r n a l  components of a monochromator 

RADIOMETER REQUIREMENTS 

P r i o r  t o  the  d i scuss ion  of  c a l i b r a t i o n ,  i t  w i l l  be  h e l p f u l  t o  consider  
t he  experimental  environment i n  which b a l l i s t i c - r a n g e  and shock-tube radiom- 
e t e r s  a r e  expected t o  opera te ,  and t o  desc r ibe  t h e  radiometer  components, 
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s i n c e  both determine t o  some ex ten t  t h e  c a l i b r a t i o n  procedures r equ i r ed .  
The predominant c h a r a c t e r i s t i c s  of  t y p i c a l  experiments a r e  (1) t h e  s h o r t  
dura t ion  of t h e  t e s t  event ,  and (2)  t h e  exceedingly wide dynamic range of t h e  
r a d i a t i o n  i n t e n s i t i e s .  

Experimental Environment 

The time dura t ion  of  t h e  event  and t h e  time r e s o l u t i o n  r equ i r ed  f o r  
i n t e r p r e t i n g  t h e  experimental  d a t a  f i x  t h e  r i s e - t i m e  requirements of  radiom- 
e t e r  systems. 
uncontaminated t e s t  gas on the  o r d e r  of 10 usec.  However, t h e  s tudy  o f  
chemical k i n e t i c s  r equ i r e s  t h a t  t h e  nonequilibrium region  fol lowing t h e  shock 
be  reso lved ,  and t h i s  o f t e n  r equ i r e s  radiometer  r i s e  times less than  0 . 1  w e c  
( r e f .  8 ) .  Model launching devices  used i n  contemporary b a l l i s t i c - r a n g e  t e s t -  
i n g  are capable  r o u t i n e l y  of  achieving model v e l o c i t i e s  i n  t h e  range o f  6 t o  
8 mm/psec. Thus, t o  r e so lve  t h e  flow f i e l d  o f  a 40-mm-long model f l y i n g  a t  
8 mm/vsec i n t o  f i v e  p a r t s  r equ i r e s  r i s e  t imes on t h e  o r d e r  of 1 / 2  psec o r  
less .  I t  should be  po in ted  out  t h a t  t h e r e  i s  gene ra l ly  some phys ica l  charac- 
t e r i s t i c  of t h e  experiment t h a t  s e t s  a l i m i t  t o  t h e  t i m e  r e s o l u t i o n  of t h e  
d a t a .  For example, because of shock-wave cu rva tu re ,  i t  i s  t h e  usual  p r a c t i c e  
t o  record b a l l i s t i c - r a n g e  d a t a  only a f t e r  t h e  shock l a y e r  has  moved f u l l y  
i n t o  t h e  radiometer  view f i e l d .  I f  t h i s  r ep resen t s  1 mm of model t r a v e l ,  t h e  
s h o r t e s t  r i s e  time r equ i r ed  w i l l  be  about 0 . 1  usec.  Excessively s h o r t  r i s e  
times adverse ly  a f f e c t  t he  experiment p r e c i s i o n ,  because high-frequency no i se  
i s  admitted (see appendix C ) .  Thus a radiometer  design f o r  a given exper i -  
ment w i l l  have an optimum r i s e  time ly ing  between t h e  l i m i t s  d i scussed  above. 

Typical  high performance shock tubes provide  flow times of 

Due t o  t h e  wide v a r i e t y  of r a d i a t i v e  phenomena t h a t  may be s t u d i e d  with 
var ious  s p e c t r a l  r e s o l u t i o n s  i n  b a l l i s t i c  ranges and shock tubes ,  t h e  exper i -  
mental r a d i a t i o n  i n t e n s i t i e s  t h a t  a r e  encountered vary over  a wide range.  
In  c o n t r a s t ,  t h e  s t anda rd  sources  of u l t r a v i o l e t  and v i s i b l e  r a d i a t i o n  a r e  of  
r e l a t i v e l y  low i n t e n s i t y  s o  t h a t  t he  experimenter may b e  faced  with t h e  s i t u a -  
t i o n  where t h e  c a l i b r a t i o n  and t e s t  event i n t e n s i t i e s  a r e  decades a a r t .  

0 .25 1-1 during t h e  t e s t s  of small (7-mm diameter) b a l l i s t i c - r a n g e  models 
repor ted  i n  r e fe rence  2 .  The i r r a d i a n c e  a v a i l a b l e  f o r  c a l i b r a t i o n  i s  seen 
from f i g u r e  6 ( t o  be  subsequent ly  discussed)  t o  be  only about 1 percent  of 
t h i s  va lue .  Hence, i t  i s  important t o  e s t a b l i s h  t h e  dynamic range over which 
the  radiometer  responds l i n e a r l y  o r ,  a l t e r n a t i v e l y ,  t o  de f ine  p r e c i s e l y  t h e  
nonl inear  behavior  of t h e  radiometer  between t h e  t e s t  and c a l i b r a t i o n  
i n t e n s i t i e s .  

For example, t h e  radiometer  i r r a d i a n c e  was as high as  2 . 5 ~ 1 0 - ~  W/cm ? - p  a t  

Radiometer Components 

A radiometer  has  t h r e e  p r i n c i p a l  components: (1) a s p e c t r a l  f i l t e r  t h a t  
t ransmi ts  only t h e  s p e c t r a l  reg ion  over  which t h e  ins t rument  i s  responsive,  
(2) a d e t e c t o r  t h a t  converts  t h e  photon f l u x  t r a n s m i t t e d  by t h e  s p e c t r a l  
element i n t o  an e l e c t r i c a l  c u r r e n t ,  and (3)  an e l e c t r o n i c  output  s t a g e  t h a t  
converts  t h e  cu r ren t  generated by t h e  d e t e c t o r  i n t o  a s u i t a b l e  form, usua l ly  
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! a vo l t age  t h a t  i s  recorded as an osc i l logram.  Auxi l ia ry  items, which may b e  

a t t ached  t o  t h e  radiometer  o r  may b e  p a r t  o f  t h e  b a l l i s t i c  range o r  shock 
tube ,  inc lude  f i e l d  s t o p s  t h a t  l i m i t  t h e  f i e l d  of  view of  t h e  radiometer  and 
se rve  t o  reduce s c a t t e r e d  r a d i a t i o n ,  and l ens  o r  m i r r o r  systems t h a t  might be  
used t o  i n c r e a s e  t h e  s o l i d  angle  over  which t h e  radiometer  c o l l e c t s  r a d i a t i o n .  
When imaging o p t i c s  a r e  used be fo re  t h e  a p e r t u r e ,  t h e  d a t a  reduct ion  can 
become more involved.  I f  only p a r t  of t h e  beam ga thered  by t h e  imaging system 
e n t e r s  t h e  a p e r t u r e ,  t h e  source  must be  pos i t i oned  more accu ra t e ly  than when 
no imaging o p t i c s  are used. If l a rge  s o l i d  angles  are subtended from a volume 
source ( e . g . ,  t h e  r a d i a t i n g  reg ion  behind t h e  shock wave i n  a shock t u b e ) ,  t h e  
view f i e l d  may inc lude  gas over  a wide range of  thermodynamic condi t ions ,  
f u r t h e r  complicat ing d a t a  r educ t ion .  
f l i g h t - p a t h  p o s i t i o n  v a r i e s  from t e s t  t o  t e s t ,  t h e  use  of  imaging o p t i c s  may 
r e s u l t  i n  l o s s  of  d a t a  on an unacceptable  f r a c t i o n  of  t h e  t e s t s .  Therefore ,  
a f o c a l  systems should be used whenever p o s s i b l e .  

I 

In  a b a l l i s t i c  range,  where t h e  model 

S p e c t r a l  e lements . -  The s p e c t r a l  element of  t h e  radiometer  may be e i t h e r  
an absorp t ion  f i l t e r  t h a t  absorbs o r  an i n t e r f e r e n c e  f i l t e r  t h a t  r e f l e c t s  
r a d i a t i o n  of undesired wavelengths.  An element t h a t  d i spe r ses  t h e  inc iden t  
beam i n t o  i t s  s p e c t r a l  components, such as a monochromator o r  a spectrograph,  
may a l s o  be  used; t h e  r equ i r ed  s p e c t r a l  s e l e c t i o n  i s  then  obta ined  by 
c o l l e c t i n g  the  d e s i r e d  p o r t i o n  of  t he  d i spe r sed  beam. 

The use of f i l t e r s  i s  r e l a t i v e l y  inexpensive and allows a compact 
radiometer  design,  s i n c e  t h e  f i l t e r  need be only as l a r g e  as t h e  a c t i v e  a r e a  
of t he  d e t e c t o r .  Absorption f i l t e r s  a r e  a v a i l a b l e  from s e v e r a l  manufacturers 
and may be  combined i n  s e r i e s  t o  ob ta in  some con t ro l  over  t h e  wavelength 
band pass  and band c e n t e r .  
i n  t h i s  manner, however; bu t  mu l t i l aye r  d i e l e c t r i c  i n t e r f e r e n c e  f i l t e r s  may 
be manufactured t o  d e s i r e d  s p e c i f i c a t i o n s ,  These f i l t e r s  a r e  d iscussed  i n  
numerous s tandard  t e x t s  ( e . g . ,  r e f .  9 ) .  The band pass  of  an i n t e r f e r e n c e  
f i l t e r  i s  a func t ion  of t h e  inc iden t  angle  o f  t h e  t r ansmi t t ed  beam, s o  t h a t  
i f  the  radiometer  has a wide acceptance angle  ( > l o " )  , t h i s  e f f e c t  should be  
taken i n t o  account .  Reference 10 contains  a d i scuss ion  of t h i s  e f f e c t .  

I t  i s  o f t e n  d i f f i c u l t  t o  o b t a i n  narrow band passes  

Since f i l t e r - r a d i o m e t e r s  a r e  of f i x e d  band, and s i n c e  t h e i r  c a l i b r a t i o n  
can be somewhat labor ious  (as  i s  d iscussed  l a t e r  i n  t h i s  r e p o r t )  t h e  use of a 
monochromator o r  spectrograph as t h e  s p e c t r a l  element may be considered i f  
need f o r  band-pass v a r i a b i l i t y  i s  a n t i c i p a t e d .  These devices  a r e  convenient 
s i n c e  t h e  band-pass width and c e n t e r  may be mechanically va r i ed  by a d j u s t i n g  
s l i t s  and t h e  p o s i t i o n  of t h e  d i spe r s ing  g r a t i n g  o r  prism. A g r a t i n g  mono- 
chromator with independently ad jus t ab le  s l i t s  i s  p a r t i c u l a r l y  v e r s a t i l e  s i n c e  
the  band c e n t e r  o f  t h e  e x i t  beam i s  a nea r ly  l i n e a r  func t ion  of t h e  angular  
p o s i t i o n  of  t h e  g r a t i n g ,  and t h e  band p a s s ,  as we l l  as s o l i d  angle  subtended 
by the  radiometer ,  may be  va r i ed  by a d j u s t i n g  t h e  s l i t s .  
chromators, however, have the  proper ty  of t r a n s m i t t i n g  h ighe r  o rde r s ,  namely , 
wavelengths equal t o  t h e  primary wavelength d iv ided  by i n t e g e r s .  Hence, 
t hese  h ighe r  orders  must be blocked i f  t he  t e s t  event  r a d i a t e s ,  and t h e  
d e t e c t o r  responds a t  t h e s e  wavelengths.  An absorp t ion  f i l t e r  t h a t  blocks 
s h o r t  wavelengths and passes  long wavelengths i s  a convenient means of 
blocking h ighe r  o r d e r s .  A wide assortment of  t h e s e  absorp t ion  f i l t e r s  i s  
commercially a v a i l a b l e .  

Grat ing mono- 
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Radiometers employing monochromators o r  spectrographs a r e  usua l ly  l a rge  
compared t o  f i l t e r - r a d i o m e t e r s  because of t h e  f o c a l  lengths  of t h e  i n t e r n a l  
o p t i c s  r equ i r ed  t o  g ive  t h e  instruments  adequate s p e c t r a l  d i spe r s ion .  

Detec tors . -  The choice of  d e t e c t o r s  f o r  a radiometer  design i s  c o n t r o l l e d  
by seve ra l  f a c t o r s .  Rise  t i m e ,  s p e c t r a l  s e n s i t i v i t y ,  and s igna l - to -no i se  
r a t i o  must b e  commensurate wi th  experimental  requirements .  

Quantum d e t e c t o r s  a r e  of  two c l a s s e s :  ex te rna l  and i n t e r n a l  photo e f f e c t  
d e t e c t o r s .  In  t h e  former,  a photon i n c i d e n t  on t h e  s e n s i t i v e  a r e a  causes 
emission of an e l e c t r o n  t h a t  i s  c o l l e c t e d  on an e l e c t r o d e  h e l d  a t  a p o s i t i v e  
p o t e n t i a l  with r e spec t  t o  t h e  photoemissive s u r f a c e  and processed as a cu r ren t  
s i g n a l .  In  t h e  l a t t e r ,  t h e  e l e c t r o n s  a r e  e x c i t e d  only i n t o  t h e  conduction 
band of  t h e  d e t e c t o r  material .  

Mul ip l i e r  phototubes u t i l i z e  t h e  photoemissive e f f e c t  of a semiconductor 
t h a t  forms t h e  cathode o f  t h e  tube ;  they a r e  responsive i n  t h e  u l t r a v i o l e t ,  
v i s i b l e ,  and nea r  i n f r a r e d  ranges out  t o  approximately 1 . 2  p ( see  r e f s .  11, 
1 2 ,  and 13  f o r  a genera l  d i scuss ion  of m u l t i p l i e r  photo tubes) .  

The photon energy must be  s u f f i c i e n t  t o  cause cathode emission of an 
e l e c t r o n  ( i  . e .  , t o  overcome t h e  work func t ion ) .  There have not  y e t  been 
developed cathode m a t e r i a l s  with work func t ions  of s u f f i c i e n t l y  small  va lue  
t o  be responsive a t  wavelengths longer  than about 1 . 2  p ( r e f .  11) .  M u l t i p l i e r  
phototubes should always be  considered f o r  rad iometr ic  a p p l i c a t i o n  s i n c e  they 
a r e  inhe ren t ly  very s h o r t  r i s e - t ime  devices and combine a i a rge  s e n s i t i v e  
a rea  with good quantum e f f i c i e n c y  ( i  . e . ,  t h e  number of  e l e c t r o n s  emi t ted  p e r  
i nc iden t  photon) .  
t he  v i s i b l e  reg ion;  however, values  of 0 .01  o r  l e s s  a r e  t y p i c a l  f o r  t h e  
i n f r a r e d  r eg ion .  

Maximum quantum e f f i c i e n c i e s  of 0 . 2 0  may b e  obta ined  f o r  

An important  advantage of m u l t i p l i e r  phototubes i s  the  cu r ren t  ampl i f i -  
ca t ion  t h a t  i s  achieved wi th in  t h e  tube .  This ampl i f i ca t ion  a r i s e s  from t h e  
impact of photoe lec t rons  on t h e  dynodes i n  t h e  tube  envelope, which then  
cause secondary e l e c t r o n  emission.  A p o t e n t i a l  of 50 V o r  more i s  used 
between dynodes f o r  a c c e l e r a t i o n  of  e l e c t r o n s  t o  energ ies  necessary f o r  good 
secondary e l e c t r o n  y i e l d s .  Current ampl i f i ca t ion  of  many decades i s  e a s i l y  
obtained by t h e  use o f  a s e r i e s  of  such dynodes. The advantage o f  t h i s  
method of ampl i f i ca t ion  i s  t h a t  i t  i s  achieved without  t h e  use  of  a load 
r e s i s t o r ;  hence,  t h e  Johnson no i se  a s soc ia t ed  with any convent ional  a m p l i f i e r  
i s  avoided. A l s o ,  a d j u s t i n g  t h e  a c c e l e r a t i o n  vol tage  across  t h e  dynodes 
a d j u s t s  t h e  output  s i g n a l  t o  a convenient l e v e l  f o r  a wide range of r a d i a n t  
f l u x e s .  

M u l t i p l i e r  phototubes possess  f i n i t e  l i m i t s  t o  t h e i r  dynamic-response 
range; t he  upper l i m i t  may be one of  s e v e r a l  s a t u r a t i o n  phenomena t h a t  occur 
wi th in  t h e  tube .  The na tu re  and measurement o f  s a t u r a t i o n  i s  d iscussed  i n  a 
l a t e r  s e c t i o n  of  t h i s  r e p o r t .  The lower l i m i t  i s  due t o  no i se .  These quantum 
de tec to r s  a r e  o f t e n  used f o r  very low l e v e l  as t ronomical  app l i ca t ions  where 
t h e  l i m i t i n g  no i se  i s  a "dark cur ren t"  n o i s e  due t o  small c u r r e n t s  generated 
wi th in  t h e  tube even though t h e  tube  i s  i n  darkness .  However, f o r  p u l s e  
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opera t ion  such as i s  be ing  considered h e r e ,  t h e  l i m i t i n g  n o i s e  i s  due t o  t h e  
s t a t i s t i c a l  na tu re  o f  t h e  photon emission and photoe lec t ron  genera t ion .  

Noise l imits of  m u l t i p l i e r  phototubes a r e  d iscussed  i n  appendix C where 
i t  i s  shown t h a t  t h e  s t a t i s t i ca l  no i se  i s  approximately I%, where i s  
t h e  average number of  photoe lec t rons  generated dur ing  t h e  r e s o l u t i o n  time 
i n t e r v a l .  S t a t i s t i c a l  no i se ,  as w e l l  as o t h e r  n o i s e s ,  may be  decreased by 
time averaging, such as by adding capac i tance  a t  t h e  anode ( see  f i g .  2 3 ) .  
Time averaging decreases  t h e  high-frequency response of  t h e  radiometer  o r ,  
equ iva len t ly ,  i nc reases  t h e  r i s e  t ime.  Obviously, t h e  r i s e  time should not  
be increased  beyond t h e  time r e s o l u t i o n  requirements of t h e  experiment. 
Nei ther  should t h e  r i s e  time be  s i g n i f i c a n t l y  l e s s  than  t h a t  r equ i r ed ,  s i n c e  
i t  would admit high-frequency no i se  t o  t h e  s i g n a l  wi thout  i nc reas ing  t h e  
information conten t .  

Ne 

O f  t h e  var ious  s o l i d - s t a t e  photodiodes responsive t o  i n f r a r e d  r a d i a t i o n  
( r e f s .  7 ,  1 4 ,  15 ) ,  indium antimonide (InSb) cooled t o  77" K ( t h e  temperature 
of  l i q u i d  n i t rogen)  i s  commonly used f o r  b a l l i s t i c  range and shock-tube 
experiments.  
a small Dewar f l a s k  i n t o  which l i q u i d  n i t rogen  can be  poured and r e t a i n e d .  
The d e t e c t o r  view f i e l d  i s  s t r a i g h t  down through an i n f r a r e d  window ( e . g . ,  
s apph i re ) .  
1 t o  5 and thus complement t h e  mul t ip l ie r -photo tube  range.  Optimum s i g n a l -  
t o -no i se  r a t i o  i s  obta ined  by ope ra t ing  t h i s  type  of  d e t e c t o r  a t  zero v o l t  
b i a s  ( r e f .  14 ) .  This  r equ i r e s  some provis ion  f o r  b i a s  con t ro l  i n  t h e  
ex te rna l  c i r c u i t r y ,  s i n c e  the  background photon f l u x  can cause t h e  d e t e c t o r  
t o  produce a s u b s t a n t i a l  s e l f - b i a s .  When b i a s i n g  t h e s e  d e t e c t o r s ,  no te  t h a t  
t he  r i s e  time and s e n s i t i v i t y  a r e  func t ions  of  t he  vol tage  across  t h e  
d e t e c t o r .  Hence, t h e s e  c h a r a c t e r i s t i c s  should always be  measured f o r  t h e  
b i a s  condi t ion  a t  which t h e  experiment is  t o  be conducted. 

These de t ec to r s  a r e  usua l ly  supp l i ed  mounted i n  t h e  bottom of 

These d e t e c t o r s  have high s e n s i t i v i t y  i n  t h e  s p e c t r a l  range from 

There a r e  shortcomings t o  InSb d e t e c t o r s  compared t o  m u l t i p l i e r  photo- 
t ubes .  Most have small a c t i v e  a reas ;  t h i s  means t h a t  t h e  radiometer  w i l l  
subtend a very small s o l i d  angle  i f  t he  d e t e c t o r  i s  used a f o c a l l y .  
focusing lens  i s  used, t h e  radiometer  design i s  somewhat complicated.  

I f  a 

Another disadvantage i s  t h e  gene ra l ly  low e l e c t r i c a l - o u t p u t  l e v e l  from 
the  d e t e c t o r .  Externa l  ampl i f i ca t ion  i s  thus  r equ i r ed ,  and t h e  a m p l i f i e r  
must have s u f f i c i e n t  frequency response and dynamic range t o  allow comparison 
of c a l i b r a t i o n  and t e s t  i n t e n s i t i e s .  
f i e r  o f  v a r i a b l e  ga in ;  t h i s  procedure i s  analogous t o  changing t h e  vol tage  
suppl ied  t o  t h e  mul t ip l ie r -photo tube  dynodes. 
s o l i d - s t a t e  diode,  which may be  as high as 0 . 7  compared t o  photocathode e f f i -  
c i enc ie s  of  0 . 2 0  o r  l e s s ,  s l i g h t l y  o f f s e t s  t h e  low no i se  advantage of  t h e  
m u l t i p l i e r  phototubes s i n c e  l e s s  ampl i f i ca t ion  i s  r equ i r ed  of t h e  s o l i d - s t a t e  
diode c u r r e n t .  However, t h e  Johnson no i se  of t h e  subsequent a m p l i f i e r  i s  
always p re sen t  i n  t h e  s o l i d - s t a t e  diode radiometer  ou tpu t .  I t  can be  shown 
t h a t  i f  t h e  vacuum photocathode e f f i c i e n c y  i s  g r e a t e r  than  about 0 .002 ,  t h e  
m u l t i p l i e r  phototube may be  expected t o  g ive  a b e t t e r  s igna l - to -no i se  r a t i o  
f o r  low l e v e l  condi t ions  of s h o r t  dura t ion  i r r a d i a n c e .  

An a l t e r n a t i v e  might be t o  use  an ampli- 

The quantum e f f i c i e n c y  of  t h e  

(See appendix C . )  
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Auxi l ia ry  e l e c t r o n i c s . -  A s  mentioned above, i n t e r n a l  ampl i f i ca t ion  i s  
obtained i n  m u l t i p l i e r  phototubes through t h e  use  o f  secondary e l e c t r o n  
emission. Although ind iv idua l  vo l tage  sources  such as b a t t e r i e s  may b e  used 
t o  provide a c c e l e r a t i o n  p o t e n t i a l s  between dynodes, a more usua l  p r a c t i c e  i s  
t o  use a s e r i e s  of r e s i s t o r s  t o  d iv ide  t h e  vo l t age  from a s i n g l e  high-vol tage 
power supply.  The dynode ampl i f i ca t ion  i s  a very s t r o n g  func t ion  of  t h e  
vol tage  suppl ied  t o  t h e  d i v i d e r  s e r i e s  ( see  f i g .  8 t o  be  subsequent ly  d i s -  
cussed) ; hence, i t  i s  important  t o  o b t a i n  long term s t a b i l i t y  of t h e  high-  
vol tage  power supply.  
vo l tages  when t h e  tube  i s  used i n  pulse-mode ope ra t ion .  
i n  the  capac i to r s  allow t h e  dynode cu r ren t s  t o  exceed t h e  d i v i d e r  cu r ren t  
during the  p u l s e .  

Capaci tors  may a l s o  be  used t o  s t a b i l i z e  dynode 
The charges s t o r e d  

The output  s t a g e  o f  a m u l t i p l i e r  phototube may c o n s i s t  o f  simply an 
anode load r e s i s t o r  t h a t  provides  a ground pa th  f o r  tube  c u r r e n t ,  thereby 
developing a vol tage  t h a t  can be  recorded by an osc i l l o scope .  The load 
r e s i s t o r  and t h e  capac i tance  between t h e  radiometer  and osc i l l o scope  con- 
s t i t u t e  an RC network whose r ise time may b e  t h e  l i m i t i n g  f a c t o r  i n  t h e  
system. This  s u b j e c t  i s  d iscussed  i n  d e t a i l  i n  appendix B .  

I t  i s  o f t e n  d e s i r a b l e  t o  inc lude  i n  t h e  radiometer  design a close-coupled 
ampl i f i e r  t o  complement t h e  ga in  o f  t h e  m u l t i p l i e r  phototube when t h e  lowest 
l e v e l  f luxes  a r e  be ing  observed ( see  appendix B ) .  The frequency response of 
such an ampl i f i e r  must be  high enough t o  accommodate t h e  r i s e - t ime  requi re -  
ments of t h e  experiment,  and low enough, i f  i t  i s  a c  coupled, t o  permit  C a l i -  

b r a t i o n  of t h e  radiometer .  C a l i b r a t i o n ,  t o  be  d iscussed  l a t e r ,  r equ i r e s  
mechanical modulation of  t h e  c a l i b r a t i o n  source ,  u sua l ly  a t  a few hundred 
h e r t z ,  and t h e  a m p l i f i e r  must handle  signals of  t h i s  frequency without  a t t e n -  
ua t ion .  Note t o o  t h a t  f o r  t e s t  a p p l i c a t i o n s ,  t he  a m p l i f i e r  need only be  
u n i d i r e c t i o n a l  ( i  . e . ,  r equ i r ed  t o  amplify s i g n a l s  of only one p o l a r i t y )  . 
Cal ib ra t ion  condi t ions  r e q u i r e  t h e  a m p l i f i e r  t o  be  b i d i r e c t i o n a l  i f  ac  
coupled. Appendix B descr ibes  an a m p l i f i e r  designed f o r  t h i s  use .  

As previous ly  remarked, s o l i d - s t a t e  photodiodes should b e  opera ted  with 
zero v o l t  b i a s  across  t h e  output  te rmina ls  f o r  optimum ope ra t ion  ( r i s e  t ime,  
s e n s i t i v i t y  and s igna l - to -no i se  r a t i o )  ( r e f .  1 4 ) .  I f ,  t o  achieve t h i s ,  t h e  
d e t e c t o r  i s  opera ted  i n t o  a low impedance, l i n e a r  response w i l l  b e  a t t a i n e d ,  
as seen from t h e  equiva len t  c i r c u i t  shown i n  f i g u r e  10. The non l inea r  prop- 
e r t i e s  of t h e  diode w i l l  no t  a f f e c t  t h e  cu r ren t  t o  t h e  e x t e r n a l  c i r c u i t  i f  
t h e  vol tage  across  t h e  p a r a l l e l  components i s  very low. The d e t e c t o r  w i l l  
e x h i b i t  a l i n e a r  r e l a t i o n s h i p  between i r r a d i a n c e  and t h e  cu r ren t  pass ing  
through t h e  ex te rna l  c i r c u i t .  A c lose-coupled,  low-input-impedance a m p l i f i e r  
i s  descr ibed  i n  appendix B t h a t  meets t h e  above requirements and converts  t h e  
photodiode cu r ren t  (u sua l ly  very small)  t o  a convenient ly  measured vo l t age .  

RADIOMETER RESPONSE EQUATIONS 

I n  t h e  preceding s e c t i o n  a radiometer  was def ined  and descr ibed  i n  terms 
of  i t s  component p a r t s .  Now t h e  d e s c r i p t i o n  i s  c a s t  i n  terms of a mathemat- 
i c a l  model t h a t  desc r ibes ,  i n  func t iona l  form, t h e  performance o f  a radiometer .  

9 
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A response equat ion  r e l a t i n g  t h e  output  s i g n a l  t o  abso lu t e  and s p e c t r a l  
p r o p e r t i e s  i s  given.  
t i o n .  Also, t h e  terms t h a t  r e q u i r e  measurement a r e  d iscussed  i n  two p a r t s ,  
f i rs t  f o r  a s imple t ransmiss ion  f i l t e r - r a d i o m e t e r ,  and second f o r  t h e  more 
general  case o f  a monochromator-radiometer. 

The performance i s  then  descr ibed  i n  terms of t h i s  equa- 

Response Equation 

In gene ra l ,  t h e  radiometer  ou tpu t ,  v ,  may b e  

v = G $," R(A)H(A)dA 

equat ion:  

where 

G e l e c t r o n i c  s e n s i t i v i t y  of  t h e  system taken 

expressed by t h e  fol lowing 

(1) 

Voutput t o  be  a cons t an t ,  
Ade tec to r  

Ade t e c t  o r  
2 R(A) s p e c t r a l  response o f  t h e  radiometer ,  

(w/cm i n c i d e n t  

H ( A )  s p e c t r a l  i r r a d i a n c e  inc iden t  on t h e  radiometer ,  W/cm2-p 

Since t h e  unknown, H(A), appears i n  t h e  in t eg rand ,  t h e  s o l u t i o n  t o  
equat ion (1) i s  not  d i r e c t .  Before proceeding f u r t h e r ,  we w i l l  d i scuss  some 
mathematical a spec t s  of  s o l u t i o n s  of  t h e  equat ion .  This equat ion i s  gener- 
a l i z e d  by al lowing t h e  ou tpu t ,  v ,  t o  be  a func t ion  of  a v a r i a b l e ,  x .  This 
v a r i a b l e  would be  continuous t o  r ep resen t  a continuous wavelength spec t ro -  
graph, o r  d i s c r e t e  t o  r ep resen t  a system of  many rad iometers .  
s p e c t r a l  s t r e n g t h ,  H(A), then i s  r e l a t e d  t o  t h e  measured d a t a ,  v ( x ) ,  by an 
equat ion of  t h e  form 

The source 

v(x) = lom R(x,A)H(A)dA 

where x i s  an independent d a t a  v a r i a b l e ,  such as t h e  p o s i t i o n  on t h e  
absc i s sa  on a c h a r t  r eco rde r  output  o r  an index number i d e n t i f y i n g  t h e  spec i -  
f i c  radiometer .  This  equat ion i s  a s i n g u l a r  Fredholm i n t e g r a l  equat ion of 
the  f irst  kind.  Regardless of  t h e  narrowness of  t h e  nonzero reg ion  of 
R(x,A) f o r  a s p e c i f i c  x ( i . e . ,  s p e c t r a l  band pass  of  t h e  in s t rumen ta t ion ) ,  
a closed-form s o l u t i o n  f o r  H(A) would, i n  gene ra l ,  no t  be  unique. In  prac-  
t i c e ,  a c losed  s o l u t i o n  is  not  even p o s s i b l e  s i n c e  v(x) and R(x,A) a r e  not  
known a n a l y t i c a l l y  as func t ions  of  continuous v a r i a b l e s .  Even i f  they were 
a c t u a l l y  given i n  a n a l y t i c a l  form, i t  would r e q u i r e  cons iderable  mathematical 
e f f o r t  t o  f i n d  t h e  inve r se  of  t h e  Fredholm equat ion t o  acqui re  a s o l u t i o n .  
This i s  usua l ly  no t  done; i n s t e a d ,  some o t h e r  technique o f  approximating 
H(A) is  used, which may be  as simple as t ak ing  H(A) t o  be  a func t ion  of x 
i n s t e a d  of  A and removing it  from the  i n t e g r a l  (as  i s  sometimes done i n  f i l m  
spec t roscopy) ,  o r  as e l abora t e  as assuming a form f o r  H(A) and warping it  t o  
synthes ize  t h e  da t a .  Examples of some of  t h e s e  techniques a r e  included i n  
t h i s  s e c t i o n .  However, i t  should be understood t h a t  t h e s e  techniques can only 
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produce approximations t o  t h e  source  s p e c t r a l  s t r e n g t h  s i n c e  they do no t  
r ep resen t  a mathematical s o l u t i o n  of  t h e  Fredholm equat ion  r e l a t i n g  t h e  r a d i -  
ometer ou tput  t o  t h e  spectrum. For a d i scuss ion  of  techniques of  numerically 
s o l v i n g  Fredholm equat ions ,  t h e  r eade r  is d i r e c t e d  t o  r e fe rence  16, chapter  1 2 .  

C a l i b r a t i o n  and Use o f  Radiometers 

I t  i s  p o s s i b l e  t o  e s t ima te  t h e  performance of  a radiometer  by eva lua t ion  
of t h e  terms i n  equat ion (1) from manufacturers '  d a t a  o r  from t h e  l i t e r a t u r e ,  
b u t  t hese  values  are nominal and no t  u sua l ly  considered acceptab le  f o r  abso- 
l u t e  measurements. For accu ra t e  r e s u l t s ,  t h e  radiometer  i t s e l f  must be  used 
as a t r a n s f e r  device;  t h a t  i s ,  a device whose response t o  t h e  i n c i d e n t  f l u x  
from a t e s t  event  i s  compared wi th  i t s  response t o  t h e  i n c i d e n t  f l u x  from a 
source  o f  known c h a r a c t e r i s t i c s .  The remainder o f  t h i s  s e c t i o n  i s  a d iscus-  
s i o n  of  how t h e  terms i n  equat ion  (1) a r e  measured by c a l i b r a t i o n  and how t h e  
r e s u l t s  a r e  used t o  eva lua te  t h e  t e s t  source  s t r e n g t h  from t h e  radiometer  
ou tput .  The f i r s t  case ,  t h a t  o f  a t ransmiss ion  f i l t e r - r a d i o m e t e r ,  fo l lows .  

F i l t e r - r ad iomete r . -  The s p e c t r a l  response of  a radiometer  c o n s i s t i n g  o f  
a t ransmiss ion  f i l t e r  and a d e t e c t o r  i s  given by t h e  product  of  t h e  f i l t e r  
t ransmiss ion ,  T(A), and t h e  s p e c t r a l  response o f  t h e  d e t e c t o r ,  R ( X ) .  Thus 
equat ion (1) becomes 

v = G Som R(X)T(A)H(A)dX ( 2 )  

Writ ing a second express ion  f o r  t h e  response t o  a c a l i b r a t i o n  source  and 
d iv id ing  i t  i n t o  equat ion ( Z ) ,  w e  g e t  a form of  t h e  response equat ion  from 
which i s  e a s i l y  seen t h e  concept of a radiometer  as a t r a n s f e r  device :  

R( A)  T ( A )  H (A )  dX 

R(X)T(A)L(X)dA 1 vc 

~ . .~ ( 3 )  

where 

vt,vC 

L ( A )  s p e c t r a l  i r r a d i a n c e  on t h e  d e t e c t o r  from t h e  c a l i b r a t i o n  source ,  

radiometer  responses from t h e  t e s t  and c a l i b r a t i o n ,  r e s p e c t i v e l y ,  V 

W/ cm2 - 1-I 

I t  i s  apparent  t h a t  b e f o r e  H ( X )  can be  eva lua ted ,  vt and vc must b e  
measured, t h e  lower i n t e g r a l  must be  eva lua ted  (by c a l i b r a t i o n  of R ( X ) ,  T(X), 
and knowledge of  
does no t  appear i n  t h e  in t eg rand .  
appears i n  both i n t e g r a l s ,  it i s  necessary t o  determine only t h e  r e l a t i v e  
va lue  of  t h i s  product .  The normalizing cons tan ts  are f a c t o r a b l e  and thus 
cance l .  

L(X)), and t h e  upper i n t e g r a l  i n v e r t e d  s o  t h a t  t h e  unknown 
Note t h a t  s i n c e  t h e  product  R(X)T(X) 

The wavelength range over  which t h e s e  measurements must b e  taken i s  a 
func t ion  no t  only of  the  f i l t e r  and the  d e t e c t o r ,  b u t  a l s o  o f  t h e  s p e c t r a l  
i r r a d i a n c e ,  a l l  o f  which are represented  i n  t h e  in t eg rands .  The experimenter 
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must a s c e r t a i n  t h a t  t h e  wavelength l i m i t s  o f  t h e  i n t e g r a l s  encompass t h e  
wavelengths conta in ing  important amounts o f  energy, and t h a t  t h e  func t ions  
R(X), T(X) , and L(X) a r e  accu ra t e ly  represented .  

The d e t e c t o r  s p e c t r a l  response,  R ( X ) ,  can b e  determined by comparing it 
t o  t h a t  o f  another  d e t e c t o r  o f  known s p e c t r a l  response.  I t  i s  o f  p a r t i c u l a r  
advantage t o  use  a s p e c t r a l l y  f l a t  d e t e c t o r ,  such as a blackened thermocouple. 
The comparisons are made by u t i l i z i n g  an appropr i a t e  r a d i a t i o n  source  and a 
monochromator t o  provide  r a d i a t i o n  a t  var ious  wavelengths.  
u l t r a v i o l e t  ( r e f .  17) and i n  t h e  i n f r a r e d  a t  wavelengths longer  than  6 1-1 
( r e f .  1 8 ) ,  t h e  convent ional  blackening ma te r i a l s  used on thermocouples are not  
s p e c t r a l l y  f l a t ;  hence,  t h e  s p e c t r a l  response must b e  measured o r  assumed. 
Reference 17  d iscusses  t h e  use o f  thermopiles  as s tandards  i n  t h e  vacuum 
u l t r a v i o l e t ,  and r e fe rence  18 d iscusses  t h e i r  use  i n  t h e  i n f r a r e d .  I f  t h e  
manufacturer ' s  s p e c i f i c a t i o n s  f o r  t h e  radiometer  d e t e c t o r  i n d i c a t e  small v a r i -  
a t ions  i n  s p e c t r a l  s e n s i t i v i t y  i n  the  wavelength i n t e r v a l  over  which t h e  
response i n t e g r a l s  are t o  be  eva lua ted ,  then t h e  experimenter may e l e c t  t o  
use these  s p e c i f i c a t i o n s  f o r  R ( A ) ,  depending on t h e  accuracy sought i n  t h e  
r e s u l t s .  

In  t h e  vacuum 

The f i l t e r  i s  usua l ly  t h e  element s e l e c t e d  t o  l i m i t  t h e  radiometer  t o  
the  proper  s p e c t r a l  range; f o r  t h i s  reason,  t h e  degree t o  which i t  (1) accepts  
f l u x  i n  t h i s  range,  and (2) r e j e c t s  t h e  unwanted p o r t i o n  of  t h e  spectrum must 
be i n v e s t i g a t e d .  Often l a rge  e r r o r s  can b e  in t roduced  i f  t h e  l a t t e r  i s  
ignored.  The t ransmiss ion  of  t h e  s p e c t r a l  f i l t e r ,  T(A) ,  i s  t h e  r a t i o  of  t h e  
responses t o  nea r ly  monochromatic f l u x  of  a radiometer  wi th  and without  t h e  
f i l t e r  pos i t i oned  i n  t h e  beam. The manufacturers o f  absorp t ion  o r  i n t e r f e r -  
ence f i l t e r s  normally supply c a l i b r a t i o n s  o f  f i l t e r  t ransmiss ion  t h a t  have 
been obtained on double-beam record ing  spectrophotometers ,  However, they  
usua l ly  do not  accu ra t e ly  determine t h e  s ide-band t ransmiss ion  where complete 
blocking is  des i r ed .  I f  t h e r e  a r e  con t r ibu t ions  t o  t h e  i n t e g r a l s  of  equa- 
t i o n  ( 3 )  i n  t h e  regions o f  f i l t e r  side-band t ransmiss ion ,  then  i t  i s  necessary 
t o  determine t h i s  t ransmiss ion  a c c u r a t e l y ,  This problem can be  i l l u s t r a t e d  
by an example. 

Consider t h e  use of  a tungsten lamp t o  c a l i b r a t e  an u l t r a v i o l e t  
radiometer .  
i s  such t h a t  t h e  output  i s  weak i n  t h e  u l t r a v i o l e t  b u t  very s t r o n g  i n  t h e  
v i s i b l e  where many u l t r a v i o l e t  s e n s i t i v e  d e t e c t o r s  respond. Thus, t r a n s -  
mission of r a d i a n t  power i n  t h e  side-band reg ion  of  t h e  f i l t e r  can dominate 
the  s i g n a l .  Figure 1 shows t h e  measured t ransmiss ion  of  a f i l t e r  t h a t  was 
used i n  conjunct ion with a m u l t i p l i e r  phototube.  The r e s u l t i n g  radiometer  
was used i n  t e s t s  descr ibed  i n  re ference  2 .  Note t h a t  t h e  long wavelength 
side-band t ransmiss ion  remains above f o r  a s u b s t a n t i a l  wavelength 
i n t e r v a l .  (This f e a t u r e  i s  p e c u l i a r  t o  t h i s  f i l t e r ;  some f i l t e r s  have been 
examined wherein t ransmiss ion  f a l l s  r ap id ly  t o  very low v a l u e s , )  The use  of  
t he  manufacturer ' s  d a t a  f o r  t h e  d e t e c t o r  response would be  inadv i sab le  i n  
t h i s  ca se .  The r e s u l t i n g  in t eg rand ,  R ( A ) T ( A ) L ( A )  , evalua ted  f o r  a tungsten 
ribbon f i lament  c a l i b r a t i o n  lamp a t  2500" K c o l o r  temperature  and R ( A )  f o r  
an S-5 photocathode, shown i n  f i g u r e  2 ,  i s  only s l i g h t l y  inf luenced  by f i l t e r  
t ransmiss ion  i n  t h e  reg ion  of  primary t ransmiss ion .  
mission of  t h e  f i l t e r  were ignored,  then i t  would b e  appropr i a t e  t o  l e t  t h e  

1 2  

The c o l o r  temperature of  t h e  lamp f i lament  ( t y p i c a l l y  2500" K)  

I f  t h e  side-band t r a n s -  
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i \  
Figure 3 i s  a p l o t  o f  

R ( X o ) L ( X o ) T ( X ) ,  which i s  t h e  i n t e -  
grand of t h e  above express ion  mul t i -  
p l i e d  by t h e  product  of t h e  
c a l i b r a t i o n  lamp i r r a d i a n c e  and t h e  
d e t e c t o r  response a t  A,; i t  i s  then  
d i r e c t l y  comparable t o  t h e  in tegrand  
p l o t t e d  i n  f i g u r e  2 .  

---___ 

(Note t h e  o rd i -  
I I I I I I I n a t e  s c a l e  change.) The r a t i o  of  t h e  

- 

- 
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d e t e c t o r  response b e  cons tan t  and t o  
approximate t h e  s t anda rd  lamp rad i -  
ance by t h e  va lue  a t  t h e  wavelength 
of maximum f i l t e r  t ransmiss ion ,  . 
L ( A o ) .  The denominator of  equa- 
t i o n  ( 3 )  would then  become 

2x10-5 

L ( X ) ,  a r e  supp l i ed  by t h e  experiment 
and c a l i b r a t i o n  sources ,  r e s p e c t i v e l y .  
The c a l i b r a t i o n  source i s  one of  
s e v e r a l  devices  d iscussed  i n  t h e  next  
s e c t i o n .  The unknown, H ( X ) ,  is 
d i r e c t l y  r e l a t a b l e  t o  t h e  experiment 
source  s t r e n g t h .  Before t h i s  quan- 
i t y  can b e  r e l a t e d  t o  t h e  radiometer  
s ignal ,  t h e  upper i n t e g r a l  i n  equa- 

where t h e  in t eg rand  i s  then  t h e  
f i 1 t e r  t ransmi s s i on. 

(4) 

source  t o  reduce t h e  i n t e n s i t y  of t h e  
long wavelength r a d i a t i o n .  Figure 2.- Integrand of response equation f o r  

ultraviolet radiometer irradiated by 
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(1) If t h e  r e l a t i v e  s p e c t r a l  shape o f  H(A) i s  no t  known, a l l  t h a t  i s  
poss ib l e  t o  r e p o r t  a r e  t h e  r e s u l t s  i n  terms of  an average equiva len t  f l u x  i n  
the  s p e c t r a l  response reg ion  of t h e  radiometer .  The equiva len t  average f l u x  
from a continuum source ,  def ined  as 

is  o f t e n  r epor t ed ,  t h e  argument, A,, i n d i c a t i n g  t h a t  t h e  va lue  should b e  
i d e n t i f i e d  with t h e  reg ion  of maximum response of  t h e  radiometer .  
i s  then given by 

This f l u x  

In  t h e  event  t h a t  t h e  r a d i a t i o n  i s  a continuum and can b e  we l l  approximated 
by a cons tan t  p lus  an odd-ordered polynomial about A,, and, i f  t h e  s p e c t r a l  
response of t h e  radiometer  i s  symmetrical about 
equat ion (6) i s  exac t  f o r  t h i s  case ,  with 
value of  t h e  continuum at  A,. I t  should be  noted  t h a t  i f  L ( A )  can be  
approximated by a cons tan t  va lue  t h a t  i s  equal  t o  i t s  va lue  a t  A,, equa- 
t i o n  (6) then reduces t o  t h e  very simple form 

A,, i t  can be  shown t h a t  
E(Ao) r ep laced  by H(Ao), t h e  

( 2 )  I f  t h e  r e l a t i v e  s p e c t r a l  i r r a d i a n c e  i s  known, t h e  i n t e g r a l  can be  
eva lua ted  by f a c t o r i n g  out  t h e  unknown 
i r r a d i a n c e  t o  t h e  r e l a t i v e  s p e c t r a l  i r r a d i a n c e ,  namely, 

3 ,  t h e  r a t i o  of  t h e  absolu te  s p e c t r a l  

where h(A) i s  t h e  

l i n e s  

r e l a t i v e  s p e c t r a l  f l u x ,  W/cm2-u. 

3) I f  H A )  s due t o  a s i n g l e  s p e c t r a l  l i n e ,  o r  a narrow m u l t i p l e t  of 
(narrow compared t o  t h e  band pass  of  t h e  radiometer) and t h e  l i n e  i r r a -  

diance I i s  t h e  d e s i r e d  q u a n t i t y ,  only t h e  response o f  t h e  radiometer a t  t h e  
wavelength of t h e  l i n e  ( o r  l i n e s ) ,  A L ,  i s  of i n t e r e s t .  Equation (3 )  then 
reduces t o  

where 

I = $" H(A)dA, W/cm2 
0 
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Monochromator-radiometer.- I f  a monochromator r ep laces  t h e  t ransmiss ion  
f i l t e r  i n  t h e  radiometer ,  t h e  foregoing c a l i b r a t i o n  d e s c r i p t i o n  a p p l i e s ,  pro- 
vided t h e  monochromator s e t t i n g s  (wavelength d r i v e  and s lit  widths) are  f ixed .  
The a b i l i t y  t o  a l t e r  t h e s e  s e t t i n g s ,  and thus  change t h e  f i l t e r  p r o p e r t i e s  of  
t h e  monochromator, i s  t h e  reason f o r  us ing  it as t h e  f i l t e r  element.  The 
changes i n  f i l t e r  p r o p e r t i e s  are r e l a t e d  i n  an o r d e r l y  f a sh ion ,  t o  t h e  mono- 
chromator s e t t i n g s  ; hence, t h e s e  change may be  r ep resen ted  by appropr i a t e  
func t ions  i n  t h e  response equat ion .  We w i l l  d i s cuss  t h e  response equat ion 
f o r  a g r a t i n g  monochromator and t h e  c a l i b r a t i o n  of  t h e  var ious  terms t h e r e i n .  
The r e s u l t  i s  a d e s c r i p t i o n  of  t h e  performance of  a v e r s a t i l e  radiometer  whose 
s e n s i t i v i t y ,  s p e c t r a l  coverage, and s p e c t r a l  band-pass shape a r e  v a r i a b l e  over  
a wide range and are e a s i l y  determined from t h e  response equat ion  and t h e  
c a l i b r a t i o n  cons t an t s .  

The response equat ion f o r  a monochromator-radiometer, wi th  i n t e r n a l  
o p t i c s  t h a t  form a f u l l - s i z e  image o f  t he  en t rance  s l i t  a t  t h e  e x i t  s l i t  and 
with i n d i v i d u a l l y  a d j u s t a b l e  en t rance  and e x i t  s l i t s ,  i s  given by 
equat ion (A6) : 

v =dMIN(s l , s2)  4" F(A)f(X)H(X)dh 

where 

(9) 

c a l i b r a t i o n  cons tan t  [def ined i n  appendix A) V-cm/W, t h a t  
c h a r a c t e r i z e s  t h e  system s e n s i t i v i t y  

& 

M I N ( s  1 , s2)  func t ion  equal  t o  t h e  smaller of  t h e  two arguments, t h e  
en t rance  and e x i t  s l i t  wid ths ,  r e s p e c t i v e l y ,  c m  

f ( A )  normalized t r a n s f e r  func t ion  as determined by t h e  mechanical 
aspec ts  of  t h e  monochromator. This  i s  t h e  term, analogous 
t o  t h e  f i l t e r  t ransmiss ion ,  t h a t  c h a r a c t e r i z e s  t h e  s p e c t r a l l y  
responsive reg ion  o f  t h e  radiometer  

F(X) func t ion  p ropor t iona l  t o  t h e  product  of  d e t e c t o r  response and 
r e f l e c t i v i t y  ( o r  t ransmission)  of  t h e  i n t e r n a l  o p t i c a l  
s u r f a c e s .  
and mainly i n d i c a t e s  changes i n  abso lu t e  s e n s i t i v i t y  of t h e  
radiometer  as t h e  g r a t i n g  i s  ad jus t ed  t o  d i f f e r e n t  wavelength 
s e t t i n g s  

I t  i s  usua l ly  slowly vary ing  wi th  wavelength, 

H (1) s p e c t r a l  i r r a d i a n c e  a t  t h e  en t rance  s l i t  of  t h e  monochromator, 
W/ cm2 -p  

I f  t h e  s l i t  widths  are f i x e d ,  then  equat ion  (9) reduces t o  equat ion (2 ) ,  
and the  concept of  a t r a n s f e r  s t anda rd  remains.  

l P r i s m  monochromators are no t  d i scussed  h e r e .  One could b e  used i f  t h e  
non l inea r  d i s p e r s i o n  i s  accounted f o r  i n  t h e  succeeding equat ions (see 
appendix A ) .  
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Equation (9) may b e  used t o  p r e d i c t  t h e  performance of  a monochromator- 
radiometer  once t h e  func t ions  
I f  t h e  side-band r a d i a t i o n  i s  n e g l i g i b l e  o r  can be  e l imina ted  (by f i l t e r i n g ,  
f o r  example), some s i m p l i f i c a t i o n s  t o  equat ion (9) a r e  p o s s i b l e .  Since F(X) 
i s  a composite func t ion  determined by o p t i c a l  p r o p e r t i e s  t h a t  genera l ly  do not  
vary r ap id ly  with wavelength, i t  i s  p o s s i b l e  t o  r ep lace  F(A) by i t s  va lue  a t  
the  cen te r  o f  t h e  s p e c t r a l  band pass  of  t h e  monochromator i f  t h e  s l i t s  a r e  
ad jus t ed  t o  pass  a narrow s p e c t r a l  i n t e r v a l .  Thus, f o r  t h i s  case,  F(X) may 
be  removed from t h e  i n t e g r a l  as t h e  cons tan t  F(Xo). Fu r the r ,  i f  t h e  r ad ia -  
t i o n  source may be  s i m i l a r l y  approximated, as would b e  t h e  case  f o r  an incan- 
descent  f i l amen t ,  equa t ion  (9) reduces t o 2  

F(X), f(X) and t h e  cons tan t  Jd are determined. 

v ~ ~ ~ I N ( s i , s 2 ) F ( X o ) L ( A o )  l" f(X)dX (10) 

where L(X,) i s ,  as e a r l i e r ,  t h e  i n c i d e n t  f l u x  from t h e  c a l i b r a t i o n  source .  
From f i g u r e  2 1  (appendix A ) ,  we have 

s," f(X)dh = MAX(s1,s;l)d 

where MAX i s  def ined  analogously t o  t h e  func t ion  
r ec ip roca l  d i spe r s ion  of t h e  monochromator, p/cm. 
from these  two equat ions ,  w e  g e t  

v =--%F(Xo)L(XO)sls2 d 

which i s  i n  a form s u i t a b l e  f o r  determining F(X). 

M I N ,  and d i s  t h e  
El imina t ing  t h e  i n t e g r a l  

( 1 2 )  

For convenience, F(X) i s  . .  - 
def ined  t o  have a maximum value  of  u n i t y ,  t h e  normalizing cons tan t  be ing  
absorbed i n  t h e  cons tan t  &. 
s l i t  with a s tandard  of  s p e c t r a l  rad iance ,  determine v as a func t ion  of  t h e  
monochromator wavelength d r i v e  s e t t i n g ,  A,, and deduce F(X) from t h e  
fol lowing equat ion:  

I t  i s  necessary only t o  i r r a d i a t e  t h e  en t rance  

Figure 4 shows F(X) determined f o r  radiometers  u t i l i z i n g  m u l t i p l i e r  
phototubes and a l l - r e f l e c t i v e  monochromator o p t i c s .  Three combinations of 
g r a t i n g  b l aze  wavelength and m u l t i p l i e r  phototube cathode types a r e  shown. 

Any measurement taken during t h e  determinat ion of F(X) i s  a l s o  an 
absolu te  c a l i b r a t i o n  and may be used t o  determine &- d i r e c t l y  by means of 
equat ion ( 1 2 ) .  

I n  appendix A ,  f(X) i s  der ived  as a func t ion  of  t h e  s l i t  wid ths .  
IIowever, t h i s  i s  f o r  t h e  region of primary t ransmiss ion .  There a r e ,  i n  

- 

;lThe equat ion i n  t h i s  form i s  a c t u a l l y  more genera l  than i s  ind ica t ed  by 
t h e  condi t ions  used i n  t h e  d e r i v a t i o n .  This equat ion  is  exact  i f  f(A) i s  
symmetrical about A,, and t h e  product F(A)H(X) can b e  represented  by a 
cons tan t  p lus  an odd-ordered polynomial about X o  as mentioned be fo re .  
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o . ~ ~ ~ - s I  add i t ion ,  reg ions  of side-band 
t ransmiss ion ,  because of  t h e  t r ans -  
mission of  unwanted orders  from t h e  
g r a t i n g  and because of o p t i c a l  imper- 
f e c t i o n s  wi th in  t h e  monochromator. 
Unwanted o rde r s  a r e  usua l ly  blocked 
with an o p t i c a l  f i l t e r .  The remain- 
i ng  s ide-band t ransmiss ion  must be  
measured , how ever .  

I 
.2 .3 .4 .5 .6 .8 1.0 1.5 The procedure f o r  measurement i s  

A ,  microns d i f f e r e n t  from t h a t  f o r  a t ransmis-  
s i o n  f i l t e r ,  as t h e  monochromator i s  
no t  convenient ly  p laced  i n  and out  of 

~ h o t o t u b e  ca thode  t v u e s .  a r a d i a t i o n  beam. Ins t ead ,  t h e  r a d i -  

F igure  4 . -  F ( X )  for v a r i o u s  combina t ions  of 
g r a t i n g  b l a z e  wavelength and m u l t i p l i e r -  

I .  

ometer i s  i r r a d i a t e d  by monochromatic 
r a d i a t i o n  (from an atomic l i n e  source)  near  t h e  wavelength o f  i n t e r e s t .  The 
g r a t i n g  d r ive  i s  then  r o t a t e d  t o  allow t h e  t r a n s f e r  func t ion  t o  "scan" t h e  
f ixed  monochromatic l i n e .  This scanning genera tes  t h e  t r a n s f e r  func t ion  and 
provides  q u a n t i t a t i v e  measurements i n  t h e  side-band r eg ions .  The t r a n s f e r  
func t ion  shape i s  assumed not  t o  b e  a func t ion  of  g r a t i n g  d r i v e  p o s i t i o n ,  
which i s  t o  be  expected f o r  a normal-incidence g r a t i n g  monochromator. This 
technique i s  ques t ionab le  when graz ing  incidence must be  used. The response 
equat ion presumes t h a t  t h e  s l i t s  used a r e  wide enough s o  t h a t  t h e  s p e c t r a l  
band pass  of t he  monochromator i s  determined s o l e l y  from t h e  mechanical s i z e s  
of t h e  s l i t s ;  t h a t  i s ,  d i f f r a c t i o n  e f f e c t s  from t h e  s l i t  edges a r e  n e g l i g i b l e .  
The range of  s l i t  widths over  which t h i s  assumption holds  must be  i n v e s t i g a t e d .  

Appendix A conta ins  a d e s c r i p t i o n  of t h i s  i n v e s t i g a t i o n  of a 25-cm foca l  
length  monochromator with a r e c i p r o c a l  d i spe r s ion  of 0 . 0 6 7  p/cm. The r e s u l t  
i s  t h a t  s l i t  widths from 0 .05  cm t o  1 .0  cm a r e  usable ,  r ep resen t ing  h a l f -  
he igh t  bandwidths of 0.00335 p t o  0 .0670 1 ~ .  Narrower s e t t i n g s  would r e q u i r e  
sepa ra t e  measurement of f ( X )  , as descr ibed  above, f o r  accu ra t e  r e s u l t s .  

An example of  such a measurement of narrow s p e c t r a l  band pass  i s  given i n  
re fe rence  8 f o r  a 25-cm f o c a l  length monochromator as above. ' R e  s l i t s  were 
s e t  t o  achieve a t r apezo ida l  s p e c t r a l  band-pass shape wi th  a h a l f - h e i g h t  width 
of  0.0029 u .  

As was t h e  case  wi th  t h e  f i l t e r - r a d i o m e t e r ,  t h e  s p e c t r a l  i r r a d i a n c e ,  
H ( X ) ,  i n  equat ion (9) ( t h e  response equat ion)  appears as t h e  unknown i n  an 
i n t e g r a l  equat ion .  A s  b e f o r e ,  we cons ider  t h r e e  s p e c i a l  cases  wherein H(X)  
i s  determined: 

(1) The equiva len t  average i n c i d e n t  f l u x  from a continuum source  i s  
given by 



which i s  s i m p l i f i e d  by means o f  equat ion (11) and t h e  assumption 
F(Ao) = F(A) t o  

(2) Equation (9) may b e  used d i r e c t l y  t o  s o l v e  f o r  t h e  abso lu te  s t r e n g t h  
i f  t h e  r e l a t i v e  s p e c t r a l  shape of  t h e  source  i s  known; namely, 

(16) 
V i3= 

d M I N ( s 1  J S 2 )  Lm F(A)f(X)h(A)dA 

( 3 )  When H(A)  i s  a s i n g l e  l i n e  o r  a narrow m u l t i p l e t  of l i n e s ,  and I ,  
t he  l i n e  i r r a d i a n c e ,  i s  d e s i r e d ,  equat ion (9) becomes 

where, as be fo re ,  I = sm H(X)  dA and AL i s  t h e  wavelength of  t h e  l i n e s .  
0 

CALIBRATION TECHNIQUES 

The use of  t h e  c a l i b r a t i o n  appara tus ,  which i s  r equ i r ed  f o r  t h e  var ious  
c a l i b r a t i o n s  remarked upon e a r l i e r ,  has no t  y e t  been d iscussed .  Confronting 
the  experimenter i s  a v a r i e t y  of  equipment t h a t  must be  used c a r e f u l l y  i f  t h e  
c a l i b r a t i o n  r e s u l t s  a r e  t o  be  t rus twor thy .  The purpose of  t h i s  s e c t i o n  i s  t o  
descr ibe  the  apparatus  used during c a l i b r a t i o n ,  and t o  d iscuss  t h e  techniques 
requi red  f o r  i t s  proper  use .  Since c a l i b r a t i o n  and t e s t i n g  usua l ly  r ep resen t  
r a d i c a l l y  d i f f e r e n t  d e t e c t o r  environments , we w i l l  emphasize techniques f o r  
determining corresponding d i f f e rences  i n  d e t e c t o r  response.  

Absolute Spec t r a l  Standards 

The common abso lu te  s p e c t r a l  emission s tandards  a r e  of  two types :  
incandescent tungsten lamps f o r  use i n  the  0.25 t o  2.5-p range,  and hea ted  
c a v i t i e s  f o r  use  a t  longer  wavelengths.  For ope ra t ion  t o  wavelengths as  
s h o r t  as 0 . 2  p ,  s h o r t - l i v e d  tungsten lamps a r e  a v a i l a b l e  ( r e f .  1 9 ) .  The sub- 
j e c t  o f  absolu te  c a l i b r a t i o n  i n  t h e  vacuum u l t r a v i o l e t  i s  beyond t h e  scope 
o f  t h i s  r e p o r t .  The s e n s i t i v i t y  of  such d e t e c t o r s ,  however, i s  obta ined  
e i t h e r  by c a l c u l a t i o n  from t h e  physics  of t h e  d e t e c t o r  o r  by ex t r apo la t ion  
from a longer  wavelength c a l i b r a t i o n  and a known s p e c t r a l  response e i t h e r  of 
t he  d e t e c t o r  i n  ques t ion  o r  of a second d e t e c t o r ,  such as  a blackened thermo- 
couple.  This c a l c u l a t i o n  i s  then used as t h e  s t anda rd  ( c f .  r e f s .  1 7 ,  20, and 
2 1 ) .  
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Tungsten lamps.- I t  i s  p o s s i b l e  t o  deduce t h e  output  from a s e c t i o n  of  
t he  f i lament  o f  a tungsten r ibbon-f i lament  lamp,3 u t i l i z i n g  a c a l i b r a t e d  
pyrometer and t a b l e s  of emis s iv i ty  f o r  tungs ten  givew i n  r e fe rence  2 2 .  
(Required f o r  t h i s  use  a r e  va lues  of  b r igh tness  o r  c o l o r  temperatures  as  
func t ions  of temperature f o r  t uns t en .  These a r e  given i n  r e fe rence  2 3 . )  
Because o f  t h e  u n c e r t a i n t i e s  involved and t h e  e x t r a  work r equ i r ed ,  i t  i s  usu- 
a l l y  more economical t o  purchase from one of s e v e r a l  l a b o r a t o r i e s  a c a l i b r a t e d  
s tandard  lamp t r a c e a b l e  t o  NBS primary s t anda rds .  

Ca l ib ra t ed  r ibbon-f i lament  lamps as descr ibed  i n  r e fe rence  24 a r e  
a v a i l a b l e .  These a r e  normally used with c a l i b r a t e d  mir rors  t h a t  image t h e  
f i lament  onto a small ape r tu re  t o  i s o l a t e  a small p o r t i o n  of  t h e  f i l amen t .  
These mir rors  a r e  c a l i b r a t e d  f o r  r e f l e c t i v i t y  as descr ibed  i n  re ference  24 .  
Also a v a i l a b l e  are co i led- f i lament  lamps, descr ibed  i n  r e fe rence  2 5 ,  which a r e  
c a l i b r a t e d  i n  terms of  t h e  f l u x  from t h e  e n t i r e  lamp onto a s u r f a c e  a t  a 
s p e c i f i e d  d i s t ance .  These lamps a r e  c a l i b r a t e d  f o r  abso lu t e  s p e c t r a l  i r r a d i -  
ance as a func t ion  of  wavelength and a t  a p re sc r ibed  c u r r e n t ,  e i t h e r  a c  o r  dc,  
through t h e  lamp. Ribbon-filament lamps a r e  opera ted  a t  high c u r r e n t s  f o r  use  
i n  t h e  u l t r a v i o l e t .  For longer  wavelength use ,  t h e  lamps a r e  opera ted  a t  a 
lower cu r ren t  t o  prolong t h e i r  ope ra t ing  l i f e .  The long l i f e  of  co i l ed -  
f i lament  lamps i s  due t o  t h e  presence of  iod ine  wi th in  t h e  envelope, t h e  
e f f e c t  o f  which i s  d iscussed  i n  re ference  26 .  

When c a l i b r a t e d  tungs ten- f i lament  lamps a r e  used,  a secondary o r  working 
s tandard  i s  employed. This  working s tandard  i s  usua l ly  an i d e n t i c a l  lamp 
t h a t  has been compared t o  t h e  c a l i b r a t e d  s tandard  and then  used f o r  rou t ine  
c a l i b r a t i o n s ;  t h e  func t ion  of  t h e  s tandard  then i s  t o  check t h e  performance 
of t he  working s tandard  p e r i o d i c a l l y .  References 24 and 25 give i n s t r u c t i o n s  
f o r  opera t ing  these  lamps. Not c i t e d  t h e r e i n ,  b u t  o f  i n t e r e s t ,  i s  t h e  r e l a -  
t i onsh ip  between accuracy o f  t h e  measurement o f  cu r ren t  through t h e  lamp t o  
accuracy o f  t h e  measurement i n  r a d i a n t  ou tpu t .  An approximate r e l a t i o n s h i p  
i s  der ived  i n  appendix D f o r  a tungs ten- f i lament  lamp a t  temperatures g r e a t e r  
than 1000" K :  

where 

6 i / i  f r a c t i o n a l  e r r o r  i n  lamp cu r ren t  

6 E  ( A )  / E  ( A )  f r a c t i o n a l  e r r o r  i n  lamp s p e c t r a l  rad iance  

x wavelength i n  microns 

T f i lament  temperature ,  " K  

~~ . .  

3This procedure i s  no t  p o s s i b l e  with a co i led- f i lament  lamp, s i n c e  t h e  
r a d i a n t  in te rchange  w i t h i n  t h e  i n t e r i o r s  of t h e  c o i l s  causes t h e  o v e r a l l  
emis s iv i ty  t o  b e  g r e a t e r  than t h a t  of  tungs ten  and, hence,  unknown. 

19 

I 



For a wavelength of 0.25 
cu r ren t  con t ro l  must be  16 times g r e a t e r  than  t h e  d e s i r e d  p r e c i s i o n  of t h e  
s p e c t r a l  rad iance .  An a d d i t i o n a l  need f o r  p r e c i s i o n  a r i s e s  because,  i n  prac-  
t i c e ,  t h e r e  a r e  t h r e e  cu r ren t  measurements involved i n  t h e  c a l i b r a t i o n  of  a 
radiometer :  one f o r  ope ra t ion  of  t h e  s t anda rd  lamp, one f o r  i n i t i a l  c a l i b r a -  
t i o n  of  t h e  working s t anda rd ,  and one f o r  c a l i b r a t i o n  o f  t h e  radiometer .  
Hence, f o r  c a l i b r a t i o n  i n  t h i s  wavelength regime, i t  i s  necessary t o  measure 
t h e  lamp cu r ren t  t o  t h e  o rde r  of 0 . 1  pe rcen t .  The lamp power supply a t  Ames 
Research Center i nc ludes  a 0.01-percent l i n e  vo l t age  r e g u l a t o r  and a 
0.1-percent  c u r r e n t  meter.  

and a temperature  of  2500” K ,  t h e  p r e c i s i o n  i n  

A t y p i c a l  c a l i b r a t i o n  s e t u p ,  c o n s i s t i n g  of  a r ibbon-f i lament  lamp, a 
two-mirror t r a i n ,  a mechanical chopper, and a p e r t u r e ,  i s  shown i n  f i g u r e  5 .  
The two mir rors  image t h e  c e n t r a l  p o r t i o n  o f  t h e  f i lament  on t h e  ape r tu re  s o  
t h a t  t h e  radiometer  rece ives  only t h e  b e s t - c h a r a c t e r i z e d  emission from t h e  

Figure 5.- Calibration apparatiis using ribbon 
filament standard lamp. 

l -  
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Figure 6.- Spectral irradiance produced by various 
standard sources .  

I f  a co i led- f i lament  lamp i s  t o  
be  used, t h e  imaging mir rors  and 
ape r tu re  a r e  no t  used because of  t h e  
s p a t i a l  v a r i a t i o n  of emission from 
t h e  c o i l s .  In s t ead ,  t h i s  lamp i s  
p laced  next  t o  t h e  chopper s o  t h a t  
t h e  e n t i r e  f i lament  i s  seen by t h e  
radiometer .  The chopper i s  used t o  
permit  ac  coupl ing of  t h e  e l e c t r o n i c s  
system; i t  a l s o  permits  synchronous 
ampl i f i ca t ion  f o r  improved s i g n a l - t o -  
no i se  r a t i o .  The radiometer  being 
c a l i b r a t e d  i n  f i g u r e  5 c o n s i s t s  of a 
25-cm f o c a l  length monochromator, 
m u l t i p l i e r  phototube,  and a c lose-  
coup1 ed amp 1 i f  i e r  . 

Figure 6 i s  a p l o t  of t h e  r a d i a n t  
f l u x  a t  t h e  radiometer  ape r tu re  under 
t y p i c a l  c a l i b r a t i o n  condi t ions  from 
each of  t h e  two types of  lamps. The 
working d i s t a n c e  from t h e  source ( the  
c o i l e d  f i lament  o r  t h e  image of t he  
r ibbon f i lament )  i s  50 cm f o r  both 
cases ,  and t h e  a r e a  o f  t h e  image 
ape r tu re  of  t h e  r ibbon f i lament  lamp 
i s  0 . 1  cm’. The r ibbon-f i lament  
output  i s  shown f o r  t h e  two cu r ren t s ,  
as mentioned above. 

The s p e c t r a l  shape of  t h e  curves 
f o r  t h e  tungsten lamps i n d i c a t e s  t h e  
d e s i r a b i l i t y  o f  us ing  a c a l i b r a t e d  
f i l t e r ,  such as Corning No. 7-54, f o r  
c a l i b r a t i n g  i n  t h e  u l t r a v i o l e t .  Such 
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a f i l t e r  passes  u l t r a v i o l e t  and blocks r a d i a t i o n  a t  wavelengths longer  than 
about 0 .4  u. Side-band r a d i a t i o n  i s  thereby reduced a t  t h e  source .  

Heated c a v i t y . -  A t  wavelengths longer  than  1 1-1, i t  becomes p r a c t i c a l  t o  
use hgated c a v i t i e s ,  designed t o  approximate a blackbody source .  Severa l  
such devices are commercially a v a i l a b l e  , complete wi th  con t ro l  apparatus  t o  
s e t  and r e g u l a t e  t h e  cav i ty  temperature .  Planck 's  equat ion (eq.  ( D 2 ) )  i s  
then used t o  c a l c u l a t e  t h e  r a d i a n t  ou tput .  

Shown a l s o  on figure 6 i s  t h e  output  from a commercial blackbody r ad ia -  
t i o n  source (Barnes Engineering Company, model 11-200) having a l - c m 2  ape r tu re  
and ope ra t ing  a t  1273' K ,  which allows c a l i b r a t i o n  of i n f r a r e d  de tec to r s  t o  
longer  wavelengths. 
t h e  ape r tu re  t o  t h e  d e t e c t o r .  

4 

The c a l c u l a t i o n  w a s  based on a d i s t a n c e  of  10 c m  from 

Monochromatic Sources 

Often a r a d i a t i o n  source  i s  r equ i r ed  t o  have almost monochromatic 
s p e c t r a l  q u a l i t i t y ,  with l i t t l e  o r  no r a d i a t i o n  a t  wavelengths ou t s ide  of  t h e  
c e n t r a l  band. Sources o f  t h i s  type  a r e  r equ i r ed  f o r  f i l t e r  t ransmiss ion  
measurements and f o r  monochromator t r a n s f e r  func t ion  measurements (appendix A )  . 
Various sources  of  such r a d i a t i o n  a r e  d iscussed  below. I n  t y p i c a l  appl ica-  
t i o n s  of t hese  sources  , only comparative measurements a r e  made; hence,  t h e  
absolu te  i n t e n s i t y  need not be known, although i t  could b e  measured by a 
s u i t a b l e  radiometer .  

A convenient source  o f  near-monochromatic r a d i a t i o n  i s  a monochromator 
i r r a d i a t e d  with a continuum source t o  which b locking  f i l t e r s  have been added 
t o  reduce side-band r a d i a t i o n  t o  acceptab le  l e v e l s .  The source i s  then  v a r i -  
ab l e  i n  wavelength and i s  s u i t a b l e  f o r  measuring primary t ransmiss ion  regions 
of f i l t e r s .  I f  t h e  source s t r e n g t h  i s  i n t e n s e  enough and t h e  monochromator 
side-band blocking i s  adequate , t h e  regions of secondary t ransmiss ion  may a l s o  
be measured by t h i s  source .  

Near-monochromatic sources  of  f i x e d  wavelength may a l s o  be  obta ined  with 
an atomic l i n e  source ,  such as a low-pressure mercury vapor o r  neon gas d i s -  
charge tube ,  s u i t a b l y  f i l t e r e d  t o  i s o l a t e  a l i n e .  Some of  t h e s e  sources  pro- 
duce very i n t e n s e  l i n e s ,  which can be  used f o r  i n v e s t i g a t i n g  f i l t e r  side-band 
t ransmiss ion  a t  s e l e c t e d  wavelengths.  This kind of source was used t o  ob ta in  
t h e  monochromator t r a n s f e r  func t ion  curves shown i n  f i g u r e  22 and d iscussed  in 
appendix A .  

Observation of  Ca l ib ra t ion  S igna l s  

I f  a radiometer  is  designed t o  ope ra t e  i n  a continuous mode (dc ) ,  t h e  
output  dur ing  c a l i b r a t i o n  may b e  read d i r e c t l y  on a s u i t a b l e  galvanometer- 
type meter.  This  i s  o f t e n  done wi th  slow response radiometers ,  such as 
camera l i g h t  meters .  Fas t  response rad iometers ,  however, a r e  usua l ly  not  dc 
coupled, and r e q u i r e  a modulated o r  pu lsed  c a l i b r a t i o n  source .  A modulated 
source i s  convenient ly  supp l i ed  by a mechanical chopper combined wi th  any of 
t h e  c a l i b r a t i o n  s tandards  mentioned. A camera s h u t t e r  could b e  used 'to o b t a i n  
a s i n g l e  s h o r t  p u l s e  and t h e  output  could b e  observed d i r e c t l y  on an 
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Figure  7 . -  Tuning f o r k  chopper ( o p e r a t i n g ) .  

s i g n a l  of  exac t ly  t h e  same frequency. 

o sc i l l o scope .  For continuous display,  
a r o t a t i n g ,  i n t e r r u p t e d  wheel, as 
shown i n  f i g u r e  5, o r  a tun ing  fork  
chopper, shown ope ra t ing  i n  f i g u r e  7 
and descr ibed  i n  r e fe rence  27, i s  
u s u a l l y  used.  The radiometer  ou tput  
can then  be  d isp layed  as a s t eady  
s i g n a l  on an  osc i l l o scope  and can be  
compared be fo re ,  during,  and a f t e r  
i r r a d i a n c e  (see,  e .g . ,  f i g .  2 8 ) .  

The sources  a v a i l a b l e  f o r  
c a l i b r a t i o n  i n  t h e  u l t r a v i o l e t  a r e  
very weak; hence,  i n  t h i s  regime, t h e  I 

radiometer  ou tput  s i g n a l  i s  sometimes 
t o o  noisy  ( see  appendix C) t o  be  read 
d i r e c t l y  on an osc i l l o scope .  To 
r e t r i e v e  t h e  s i g n a l  from t h e  n o i s e ,  
s e v e r a l  techniques may be employed. 
Simple, pas s ive  a c  f i l t e r i n g  of t h e  
modulated s i g n a l  can provide improve- 
ments by decreas ing  t h e  e l e c t r o n i c  
band pass  ( see  eq .  (C7)), bu t  
extremely narrow band pass  i s  n o t  
p o s s i b l e  by t h i s  technique.  Lock-in 
ampl i f i ca t ion  ( r e f .  28 )  i s  used exten-  
s i v e l y  f o r  t h i s  purpose and provides  
a convenient means of  observing s i g -  
n a l s  b u r i e d  i n  n o i s e .  A lock- in  
a m p l i f i e r  makes use  not  only of t h e  
frequency of t h e  s i g n a l  t o  be sepa- 
r a t e d  from t h e  n o i s e ,  b u t  a l s o  of  t h e  
e l e c t r o n i c  phase angle  t h a t  t h i s  s i g -  
n a l  has  with r e spec t  t o  a re ference  

The r e fe rence  s i g n a l  i s  usua l ly  coupled - 
t o  the  chopper, e i t h e r  mechanically ( e . g . ,  by switches)  o r  e l e c t r o n i c a l l y  (e .g . ,  
by coupling t o  the  s i g n a l  t h a t  d r ives  t h e  tun ing  f o r k ) .  This  r e fe rence  s i g n a l  
i s  used t o  provide synchronous r e c t i f i c a t i o n  of  t h e  d e s i r e d  s i g n a l ,  which may 
then  be  converted t o  a modulated dc s i g n a l .  The output  may b e  averaged then  
over  a convenient time i n t e r v a l  (depending on t h e  degree of  no ise)  t o  o b t a i n  
e f f e c t i v e l y  very narrow band-pass a c  f i l t e r i n g  o f  t h e  i n i t i a l  s i g n a l .  The 
r e s u l t  i s  then  r e l a t e d  v i a  t h e  proper  cons tan ts  t o  t h e  peak-to-peak h e i g h t  of 
t he  radiometer ou tput .  
amounts of no i se .  

Thus, s i g n a l s  may b e  d e t e c t e d  i n  t h e  presence of  l a rge  

Techniques of  Detec tor  Operation 

Because t h e  radiometer  environment dur ing  c a l i b r a t i o n  and during t e s t i n g  
are r a d i c a l l y  d i f f e r e n t ,  both i n  t ime dura t ion  and i n t e n s i t y ,  i t  i s  necessary 
t o  know (1) t h e  r e l a t i o n s h i p  between continuous and p u l s e  opera t ion  and 
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( 2 )  t h e  l i n e a r  ope ra t ing  range of  t h e  d e t e c t o r .  The fol lowing i s  a d iscuss ion  
o f  (1) and (2)  and of  techniques f o r  ope ra t ing  t h e s e  d e t e c t o r s  t o  ensure 
r epea tab le  r e s u l t s .  

M u l t i p l i e r  phototubes.  - Most problems t h a t  a r e  encountered when 
mul t ip l ie r -photo tube  r e s u l t s  are ex t r apo la t ed  from c a l i b r a t i o n  condi t ions  t o  
t e s t  condi t ions  a r e  t r a c e a b l e  t o  changes i n  s e n s i t i v i t y  due t o  long- o r  s h o r t -  
term f a t i g u e ,  o r  t o  one of  s e v e r a l  s a t u r a t i o n  phenomena. The fol lowing i s  a 
d iscuss ion  o f  techniques t h a t  have been used a t  Ames Research Center  t o  
e s t a b l i s h  ope ra t ing  regimes and t o  avoid e r r o r s  caused by t h e s e  problems. 

Mul t ip l ie r -photo tube  f a t i g u e  depends on many ope ra t ing  parameters ( see  
refs.  11 and 13) .  For example, s e n s i t i v i t y  v a r i a t i o n s  are usua l ly  observed 
when l a rge  c u r r e n t s  a r e  generated between t h e  dynodes. This  v a r i a t i o n  is  
a f f ec t ed  by t h e  du ra t ion  of  exposure t o  t h e  r a d i a t i o n  and t h e  p a r t i c u l a r  
dynode vol tages  used. More s u b t l y ,  i f  t h e s e  vol tages  are changed, t he  v a r i a -  
t i o n  appears t o  depend on t h e  p a r t i c u l a r  vo l tages  and t h e  du ra t ion  of exposure 
a t  each vo l t age .  
low c u r r e n t s .  These e f f e c t s  a r e  perhaps due t o  a l t e r a t i o n s  of  t h e  dynode 
su r faces  by e l e c t r o n  bombardment, o r  t o  t h e  es tab i i shment  o f  s t a t i c  charges on 
the  support  s t r u c t u r e  wi th in  t h e  tube .  S e n s i t i v i t y  i s  f r equen t ly  recovered 
when t h e  tube  i s  removed from use .  The ex ten t  of  t h e s e  e f f e c t s  on each tube 
i s  measured be fo re  i t  i s  put  i n t o  s e r v i c e .  For some tubes t h e s e  e f f e c t s  a r e  
severe  o r  t h e  s e n s i t i v i t y  i s  no t  recovered;  such tubes a r e  unacceptable  f o r  
use i n  a c a l i b r a t e d  system. A t  p r e s e n t ,  none of t h e s e  f a t i g u e  e f f e c t s  i s  we l l  
understood, and the  de te rmina t ion  of a c c e p t a b i l i t y  o f  a given tube  i s  an a r t .  
The p resen t  acceptance r a t e  i s  about 70 p e r c e n t ,  depending on tube  type .  Even 
a f t e r  a m u l t i p l i e r  phototube has been screened f o r  adverse f a t i g u e  e f f e c t s ,  
t h e r e  i s  some unce r t a in ty  i n  t h e  r e l a t i o n s h i p  between t h e  s e n s i t i v i t y  o f  a 
tube t h a t  has  been s t e a d i l y  exposed t o  a modulated f l u x ,  such as during c a l i -  
b r a t i o n ,  and t h e  s e n s i t i v i t y  o f  a tube t h a t  has  been i n  t o t a l  darkness f o r  a 
long per iod  and then experiences a s i n g l e ,  sho r t -du ra t ion  p u l s e  of r a d i a t i o n ,  
such as during a t e s t  event .  A c o r r e c t i o n  t o  apply t o  t h e  c a l i b r a t i o n  r e s u l t s  
f o r  a p o s s i b l e  e r r o r  due t o  t h i s  e f f e c t  i s  determined a s  fo l lows:  

For some tubes ,  t h i s  phenomenon has  been observed even a t  

I t  i s  presumed t h a t  t h e  r e l a t i o n s h i p  between t h e s e  two s e n s i t i v i t i e s  i s  
a cons tan t  r a t i o .  This  has been v e r i f i e d  as reasonable  i n  t h e  few cases  
examined. To measure t h e  e f f e c t ,  t h e  condi t ions  a r e  ad jus t ed  s o  t h a t  t h e  
modulated c a l i b r a t i o n  s i g n a l  i s  s t r o n g  enough t o  be  read  d i r e c t l y  on an 
osc i l l o scope :  t h e  reading i s  made f o r  t h e  s teady  condi t ion ;  t h e  tube  i s  pu t  
i n  t o t a l  darkness f o r  15 t o  30 minutes;  then  a s h o r t  b u r s t  o f  cyc les  of  t he  
same modulated s i g n a l  i s  d isp layed  on t h e  osc i l l o scope  and photographed f o r  
convenient reading .  The r a t i o  o f  s t e a d y - s t a t e  s i g n a l  t o  sho r t -pu l se  s i g n a l  
i s  t h e  d e s i r e d  c o r r e c t i o n  f o r  t h e  condi t ions  used.  I n  measurements made by 
t h e  au thors ,  t h e  p u l s e - t r a i n  length  used was 0 .01  sec,  and t h e  modulation 
frequency was 1 kHz. Tes t s  have shown t h a t  t h e s e  condi t ions  r ep resen t  we l l  
the  s e n s i t i v i t y  of  very sho r t -du ra t ion  pu l ses  such as those  encountered during 
t e s t i n g .  These co r rec t ions  gene ra l ly  a r e  l e s s  than  20 pe rcen t  and may b e  
p o s i t i v e  o r  nega t ive .  
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Fatigue of  m u l t i p l i e r  phototubes has  been observed when these  de t ec to r s  
a r e  phys i ca l ly  a t t ached  t o  t h e  f a c i l i t y .  
b a l l i s t i c  range gun o r  t h e  shock tube  can damage t h e  tube .  
t h i s  f a t igue  has been observed as a change of  s e n s i t i v i t y  over  a pe r iod  of 
months, sugges t ing  a l o s s  of  vacuum s e a l  of  t h e  tube  envelope. Tubes a r e  
a v a i l a b l e  t h a t  can wi ths tand  high a c c e l e r a t i o n s  and should b e  considered i f  
they a r e  t o  be  a t t ached  t o  t h e  f a c i l i t y  without  some means of  shock i s o l a t i o n .  

Apparently t h e  shock loads from t h e  
In  some ins t ances  

For convenience, t h e  usual  p r a c t i c e  i s  t o  c a l i b r a t e  t h e  radiometer  a t  
d i f f e r e n t  m u l t i p l i e r  gains  s o  t h a t  t h e  d e t e c t o r  can be  used f o r  a v a r i e t y  o f  
t e s t s  without  be ing  r e c a l i b r a t e d .  The ga in  cons tan ts  i n  response equa- 
t i o n s  ( 2 )  and (9) f o r  a mul t ip l ie r -photo tube  radiometer  can be  measured as a 
func t ion  of  t he  dynode d i v i d e r  vo l t age .  Figure 8 shows t h e  r e s u l t  o f  such a 
de te rmina t ion .  
dynode m u l t i p l i c a t i o n  i s  s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  d i v i d e r  vo l t age .  
t h i s  reason,  t h e  h igh  vol tage  i s  t h e  ope ra t ing  parameter t h a t  must b e  most 
accu ra t e ly  monitored. I t  i s  rou t ine  t o  maintain 0.1-percent  accuracy i n  
dynode vol tage .  

I t  i s  apparent  from t h e  f i g u r e  t h a t  t h e  cu r ren t  ga in  due t o  
For 
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Figure 8.- Gain constant of a multiplier 
phototube showing variation with 
divider high voltage. 

M u l t i p l i e r  phototubes a r e  l i n e a r  
devices  over  most o f  t h e i r  opera t ing  
range when used i n  t h e  manner d i s -  
cussed;  doubling t h e  i n c i d e n t  f l u x  
doubles t h e  output  c u r r e n t .  The 
upper l i m i t  of  t h i s  l i n e a r  range i s  
determined by one o f  s e v e r a l  s a t u r a -  
t i o n  phenomena. Apparently t h e r e  i s  
no lower l i m i t ;  l i n e a r i t y  i s  r e t a i n e d  
with s i g n a l s  s o  weak as t o  be  b a r e l y  
d e t e c t a b l e  from t h e  inhe ren t  n o i s e .  

The s a t u r a t i o n  phenomena t h a t  
l i m i t  l i n e a r i t y  a r e :  (1) photo- 
cathode s a t u r a t i o n  r e s u l t i n g  from 
excess ive  cathode cu r ren t ;  (b) space 
charge e f f e c t s  due t o  a l t e r a t i o n  of 
t h e  s t a t i c  f i e l d  between dynodes by 
t h e  presence o f  t h e  cu r ren t  e l e c t r o n s ;  
(c) dynode vol tage  d i v i d e r  s a t u r a -  
t i o n ,  r e s u l t i n g  from high cu r ren t s  
w i t h i n  t h e  tube ,  which a r e  drawn from 
t h e  d i v i d e r  and which cause a vol tage  
change t h e r e i n ;  and (d) s a t u r a t i o n  of 
t h e  subsequent e 1 e c t r o n i  c system 
( i  . e , ,  c lose-coupled a m p l i f i e r  o r  
o s c i l l o s c o p e ) .  I f  a f i x e d  cathode 
a r e a  is  i r r a d i a t e d ,  i t  i s  not  neces- 
s a r y  t o  d i f f e r e n t i a t e  between t h e  
f i r s t  two phenomena mentioned. How- 
eve r ,  i n  t h e  case  o f  t h e  
monochromator-radiometer, t h e  cathode 
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a rea  v a r i e s  (because of  t h e  v a r i a b l e  e x i t  s l i t  width and t h e  divergence of  
t he  e x i t i n g  beam). 
capac i to r s  a r e  used t o  p re sen t  t h e  long-durat ion (msec) c a l i b r a t i o n  pulses  
from changing t h e  dynode vo l t ages ,  which would r e s u l t  i n  vo l t age -d iv ide r  s a t u -  
r a t i o n .  During s h o r t  t e s t  events  (psec) ,  t h e  charge dep le t ion  of t h e s e  capac- 
i t o r s  i s  s o  small t h a t  space-charge e f f e c t s  l i m i t  t h e  l i n e a r  opera t ion  a t  
dynode cu r ren t s  much lower than  those  t h a t  would cause d i v i d e r  s a t u r a t i o n .  I t  
should be  noted t h a t  extraneous r a d i a t i o n  f a l l i n g  on t h e  photocathode loads 
t h e  radiometer  and promotes s a t u r a t i o n  dur ing  p u l s e  response.  

The e f f e c t  o f  t h i s  w i l l  b e  d iscussed  l a t e r .  Divider  

The method of determining s a t u r a t i o n  i s  exac t ly  as  descr ibed  i n  
re ference  2 .  
and out  of  a r a d i a t i o n  beam i n c i d e n t  on t h e  radiometer .  The r a t i o  of t h e  
readings i s  t h e  t ransmiss ion  i f  t h e  radiometer  i s  ope ra t ing  l i n e a r i l y .  I f  
t h e  t ransmiss ion  i s  repea ted ly  measured wi th  inc reas ing  r a d i a t i o n  i n t e n s i t y ,  
eventua l ly  t h e  radiometer  with t h e  f i l t e r  ou t  of  t h e  beam w i l l  b e  s l i g h t l y  
s a t u r a t e d .  This  i s  noted by an inc rease  i n  apparent  t ransmiss ion .  The upper 
l i m i t  t o  t he  l i n e a r  ope ra t ing  range of t h e  radiometer  i s  thus  determined. 
S a t u r a t i o n  e f f e c t s  a r e  dependent on p u l s e  lengths  when d i v i d e r  capac i to r s  a r e  
used (see  appendix B ) ,  s o  t h e  r a d i a t i o n  source  should have approximately t h e  
same time dura t ion  as t h e  t e s t  sou rce .  For b a l l i s t i c - r a n g e  a p p l i c a t i o n s ,  
pulsed gas discharge tubes with a dura t ion  of about 2 w e c  may be  f o r  
eva lua t ing  s a t u r a t i o n  e f f e c t s .  

The measured l i m i t  of t h e  l i n e a r  behavior of a m u l t i p l i e r  phototube i s  
shown i n  f i g u r e  9 .  The output  vo l t ages  were measured a t  t h e  m u l t i p l i e r -  
phototube anode and were p l o t t e d  as equiva len t  ou tput  from t h e  ampl i f i e r  

A f i l t e r  i s  measured f o r  apparent t ransmiss ion  by p l ac ing  it  i n  

descr ibed  i n  appendix B ( see  f i g .  2 3 ) .  
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Figure  9 . -  b l u l t i p l i e r  pho to tube  
s a t u r a t i o n .  
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and a m p l i f i e r  

In f i g u r e  9 ,  t h e  maximum output  
vo l tage  f o r  l i n e a r  opera t ion  is  
p l o t t e d  as a func t ion  of t h e  o v e r a l l  
dynode d i v i d e r  vo l t age .  The maximum 
l i n e a r  a m p l i f i e r  ou tput  i s  shown a s  
a cons tan t  va lue  - nominally, 5 V .  

The s a t u r a t i o n  of t h e  m u l t i p l i e r  
phototube a t  d i v i d e r  vo l tages  g r e a t e r  
than  about 600 V was from space- 
charge s a t u r a t i o n  a lone .  Cathode 
s a t u r a t i o n  e f f e c t s  a r e  noted a t  lower 
d i v i d e r  v o l t a g e s .  

The l a r g e r  i r r a d i a t e d  cathode 
a r e a  (6 mm by 10 mm) corresponds 
approximately t o  t h e  maximum a t t a i n -  
ab le  when t h e  m u l t i p l i e r  phototube i s  
used wi th  t h e  descr ibed  monochromator 
( see  f i g .  17 ) .  The a r e a  was reduced 
t o  1 mm by 10 mm t o  correspond t o  a 
narrow e x i t  s l i t  s e t t i n g .  The d i f -  
ference i n  t h e  r e s u l t i n g  curves 
i n d i c a t e s  t h a t  i n  t h i s  range a 



con t r ibu t ion  t o  t h e  s a t u r a t i o n  was produced by cathode s a t u r a t i o n .  
Manufacturers ' d a t a  f o r  m u l t i p l i e r  phototubes usua l ly  inc lude  t h e  maximum 
cathode cu r ren t  t h a t  i s  l i n e a r l y  r e l a t e d  t o  i r r a d i a n c e .  Ca l ib ra t ed  n e u t r a l  
f i l t e r s  may b e  r equ i r ed  t o  prevent  t h e  phototubes from exceeding t h i s  c u r r e n t .  

I I 

/ 

I 

If only a te rmina t ion  r e s i s t o r  were used (no a m p l i f i e r ) ,  t h e  proper  
ope ra t ing  range would b e  below t h e  curve,  co r rec t ed  t o  account f o r  a m p l i f i e r  
ga in .  The hashed area i n  f i g u r e  23 i n d i c a t e s  t h e  proper  ope ra t ing  range f o r  
t h e  a m p l i f i e r  shown. Note t h a t  i f  t h e  d i v i d e r  vo l t age  i s  above 400 V,  t h e  
ampl i f i e r  s a t u r a t e s  a t  a vol tage  t h a t  s t i l l  al lows t h e  m u l t i p l i e r  phototube 
t o  opera te  l i n e a r l y .  This  s a t u r a t i o n  has  a recognizable  c h a r a c t e r i s t i c ;  i t  
r e s u l t s  from c l ipp ing  of t h e  waveform by t h e  output  s t a g e  of t h e  a m p l i f i e r  s o  
t h a t  it i s  easy t o  a s c e r t a i n  from t h e  osc i l logram of t h e  t e s t  whether t h e  
ins t rumenta t ion  was s a t u r a t e d .  This i s  not  t h e  case  with t h e  o the r  mentioned 
causes of  s a t u r a t i o n ,  as t h e  waveform i s  not  recognizably a l t e r e d .  A t  lower 
d i v i d e r  vo l t ages ,  t h e  space-charge e f f e c t s  o r  cathode s a t u r a t i o n  determine 
t h e  maximum l i n e a r  ou tput  vo l tages .  

:RE 

S o l i d - s t a t e  i n f r a r e d  d e t e c t o r s .  - A s  no ted  p rev ious ly ,  t h e  mechanism of 
photocurrent  genera t ion  in t h e s e  d e t e c t o r s  i s  somewhat d i f f e r e n t  from t h a t  i n  
m u l t i p l i e r  phototubes;  consequently,  d i f f e r e n t  procedures must be  considered.  
In  p a r t i c u l a r ,  t h e  l i n e a r i t y  and r i s e  t i m e  o f  t h e  d e t e c t o r  i s  s t rong ly  i n f l u -  
enced by the  c i r c u i t  i n  which it  i s  incorpora ted ;  hence,  i t  i s  important t o  
measure t h e s e  parameters with t h e  exac t  c i r c u i t  t h a t  w i l l  b e  used during 
t e s t i n g .  

A s  mentioned i n  a previous s e c t i o n ,  maintaining low vol tage  across  t h e  
d e t e c t o r  te rmina ls  produces l i n e a r  ope ra t ion .  The reason f o r  t h i s  behavior  i s  
seen  i n  f i g u r e  10. Shown he re  i s  t h e  dc equ iva len t  diode c i r c u i t  used i n  
re ference  2 9 ,  connected t o  an ex te rna l  c i r c u i t  t h a t  p re sen t s  t h e  d e t e c t o r  with 
load,  R E .  The diode i s  assumed t o  c o n s i s t  o f  a cu r ren t  genera tor  with ou tpu t ,  
i+,  propor t iona l  t o  t h e  i r r a d i a n c e ,  p a r a l l e l e d  by a diode and a leakage r e s i s -  
t ance .  Note t h a t  t h e  i n t e r n a l  vo l tage  g rad ien t  of t h e  diode junc t ion  causes 
cu r ren t  t o  f l o w ' i n  t h e  forward d i r e c t i o n  o f  t h e  diode ( r e f .  14), and hence 
must have a p o l a r i t y  oppos i te  t o  t h e  diode c u r r e n t ,  i D ,  and t h e  leakage 
c u r r e n t ,  i L .  A summation of  t he  cu r ren t s  a t  a junc t ion  shows t h a t  

- 'E Photodiode 
I 

t 
/ 

8 L :  \ i /RL 

F i g u r e  10 . -  Equivalent c i r c u i t  
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i E  = -i+ + i D  + i L .  The diode cur- 
r e n t  i s  given by re ference  29 a s  an 
equat ion  o f  t h e  form 

i D  = iS[exp(Bv) - 11 

where is and B a r e  c h a r a c t e r i s t i c s  
of  t h e  p a r t i c u l a r  diode, and v i s  
t h e  vo l t age  across  t h e  diode.  The 
leakage cu r ren t  i s  v/RL, so  t h a t  t h e  
e x t e r n a l  cu r ren t  may be  w r i t t e n :  

iE = -i4 + iS[exp(Bv) - 

Clea r ly ,  as v approaches zero,  t h e  
second and t h i r d  r i g h t - s i d e  terms of  



equat ion (19) vanish ,  and t h e  e x t e r n a l  cu r ren t  is  i n  propor t ion  t o  t h e  
photon-induced c u r r e n t .  Obviously, one method f o r  making v approximate 
zero i s  t o  make RE as small as p o s s i b l e ,  s i n c e  v = i E R E .  The ex ten t  t o  
which v can become nonzero and not  induce apprec i ab le  n o n l i n e a r i t y  depends 
on t h e  diode parameters of  t h e  ind iv idua l  d e t e c t o r .  The diode parameters a r e  
obta ined  by f i t t i n g  t h e  above equat ion t o  a determinat ion of i as a func- 
t i o n  of  v f o r  a condi t ion  of cons tan t  i r r a d i a n c e .  This i s  done simply by 
impressing a s e r i e s  of vo l t ages  across  t h e  d e t e c t o r  and observing t h e  r e s u l -  
t a n t  c u r r e n t .  Figure 11 i s  a measured cur ren t -vol tage  curve f o r  a cooled 
InSb d e t e c t o r :  t h e  c i r c u i t  used f o r  t h e  measured i s  a l s o  shown i n  t h e  f i g u r e .  
The l e a s t  squared-er ror  f i t  of  equat ion 

3 diode parameters : 
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Figure  1 1 . -  Diode curve  f o r  cooled ( 7 7 O  K )  InSb 
i n f r a r e d  d e t e c t o r .  
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Figure  1 2 . -  N o n l i n e a r i t y  l i m i t s  f o r  InSb 
d e t e c t o r .  
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(19) t o  t h i s  curve gave t h e  fol lowing 

is = 1 . 7 2 3 ~ 1 0 - ~  A 

R L  = 1 . 7 5 ~ 1 0 ~  R 

B = 86.5559 

S u b s t i t u t i n g  t h e s e  values  i n  equa- 
t i o n  (19) ,  one can ob ta in  t h e  detec-  
t o r  c u r r e n t  a t  which t h e  output  i s  
10-percent non l inea r  ( i  . e . ,  
i/i+ = 0.9)  as  a func t ion  of d e t e c t o r  
load impedance. Figure 1 2  i l l u s -  
t r a t e s  t h e  r e s u l t s  of t h i s  ca l cu la -  
t i o n  f o r  t h e  d e t e c t o r  mentioned 
above; shown a l s o  as ib i n  t h e  
f i g u r e  i s  t h e  cu r ren t  induced by t h e  
297" K background. Note t h a t  f o r  
impedances g r e a t e r  than 100 ohms, t h e  
e f f e c t i v e  dynamic range of t h e  detec-  
t o r  becomes seve re ly  r e s t r i c t e d .  

- 

Clea r ly ,  t h e  n o n l i n e a r i t y  l i m i t s  
f o r  a given d e t e c t o r  w i l l  b e  a s t r o n g  
func t ion  of  i t s  diode parameters ,  
p a r t i c u l a r l y  t h e  s a t u r a t i o n  c u r r e n t ,  
is. Hence, i f  t h e  d e t e c t o r  i s  t o  be  
terminated by more than a few t ens  of 
ohms, i t  would be  prudent  t o  a sce r -  
t a i n  l i n e a r i t y  l i m i t s ,  e i t h e r  by 
measurement o f  diode parameters o r  by 
d i r e c t  measurement of  t h e  s i g n a l  
ou tput  as a func t ion  of i r r a d i a n c e .  

Absolute c a l i b r a t i o n  o f  t h e s e  
d e t e c t o r s  i s  done as has  a l ready  been 
d iscussed ,  by u t i l i z i n g  a hea ted  
cav i ty  as t h e  r a d i a t i o n  s tandard .  
The source  s t r e n g t h s  a v a i l a b l e  Lie 
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usua l ly  adequate t o  measure t h e  s e n s i t i v i t y  a t  a s e r i e s  of i n t e n s i t i e s  t o  
cover t h e  des i r ed  range of  t e s t  i n t e n s i t i e s .  
t h a t  used t h e  low-impedance a m p l i f i e r  descr ibed  i n  appendix B ,  exh ib i t ed  
l i n e a r  behavior  over  t h e  e n t i r e  ope ra t ing  range of  t h e  radiometer ,  from s i g -  
na l s  j u s t  d i s c e r n i b l e  from t h e  a m p l i f i e r  and background sho t  n o i s e  ( t h e  l i m i t -  
i n g  no i se  sou rces ) ,  t o  s i g n a l s  j u s t  s a t u r a t i n g  t h e  a m p l i f i e r  - a dynamic range 
of  about 3 decades.  

Of t h e  d e t e c t o r s  examined, those  

Rise time i s  a func t ion  of  t h e  p a r t i c u l a r  d e t e c t o r  and of  condi t ions  
imposed by t h e  subsequent ampl i f i e r ,  and i t  is not  r e a d i l y  ca l cu lab le .  I t  
has been observed by t h e  authors  t h a t  t h e  r i s e  time of  an InSb d e t e c t o r  i s  
a f f e c t e d  by t h e  b i a s  vol tage  and i s  . nea r  a minimum a t  zero v o l t s .  For s h o r t -  
event  a p p l i c a t i o n s ,  t h e  reduct ion  of  i n f r a r e d  d a t a  o f t e n  r equ i r e s  accu ra t e  
knowledge of  r i s e  time and f a l l  t ime.  Thus, i t  i s  advisable  t o  measure t h e s e  
p r o p e r t i e s  d i r e c t l y .  There a r e  s e v e r a l  types of  s o l i d - s t a t e  i n f r a r e d  r ad ia -  
t i o n  sources  t h a t  a r e  s u i t a b l e  f o r  t h i s  purpose.  The au thors  have used a 
commercially a v a i l a b l e  G a A s  l i g h t - e m i t t i n g  diode (HP Associates  model 4106) 
t h a t  emits r a d i a t i o n  when a cu r ren t  pu l se  i s  app l i ed .  The s p e c t r a l  emission 
from t h i s  diode i s  a s t r o n g  band a t  0 . 9  p and a weak continuum extending t o  
about 1 .5  p. The time response of  t h e  0 . 9 - p  band r a d i a t i o n  was measured as 
fo l lows .  

The diode was se t  up t o  i r r a d i a t e  an S - 1  type m u l t i p l i e r  phototube 
through a f i l t e r  t h a t  i s o l a t e d  t h e  r a d i a t i o n  a t  0 . 9  p ,  A s h o r t  r i s e -  and 
f a l l - t i m e  r ec t angu la r  cu r ren t  pu l se  was app l i ed ,  and t h e  output  of  t h e  
m u l t i p l i e r  phototube noted.  
cu r ren t  pu l se  t o  wi th in  40 nsec,  which was t h e  readout  system time response.  
This source was then used t o  measure t h e  time response of  a cooled InSb 
i n f r a r e d  d e t e c t o r  a t  0 . 9  u .  Figure 13 shows an osc i l logram taken during t h i s  
measurement. The i r r a d i a n c e  was too  weak t o  o b t a i n  a no i se - f r ee  s i g n a l  from 
a s i n g l e  pu l se ,  s o  a l a r g e  number of  sweeps were averaged. 
shows a s i n g l e  sweep superimposed on the  record  of many sweeps. The lower 

The diode emission was observed t o  follow t h e  

The upper t r a c e  

Figlire 13.- Oscillogram showing r i s e  time of InSb 
radiometer. 
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t r a c e  i s  from t h e  cu r ren t  p u l s e  
through t h e  diode ( r ep resen t ing  t h e  
r a d i a t i o n  pu l se  shape) .  The r i s e  
time observed i n  t h i s  case  i s  s h o r t e r  
than 0 . 5  psec,  i n d i c a t i n g  t h a t  t hese  
d e t e c t o r s  can be used t o  t ime-resolve 
i n f r a r e d  events  t o  t h i s  time s c a l e  
without  having t o  make l a rge  correc-  
t i o n s  t o  t h e  d a t a  t o  account f o r  
d e t e c t o r  time response.  This  agrees  
wi th  t h e  response times given f o r  
cooled InSb given i n  re ference  7.  

When making measurements such 
as  descr ibed  above, i t  i s  important 
t o  f i l t e r  t h e  output  from t h i s  emit-  
t i n g  diode t o  exclude t h e  long wave- 
length continuum. I f  t h i s  po r t ion  
of  t h e  r a d i a t i o n  i s  included i n  t h e  



i r r a d i a n c e  t o  t h e  i n f r a r e d  d e t e c t o r ,  a much longer  time response i s  observed. 
This i s  apparent ly  due t o  slow time response of t h e  long wavelength p o r t i o n  of 
the  diode radiance r a t h e r  than t o  the  d e t e c t o r  r i s e  time be ing  wavelength 
dependent. To v e r i f y  t h i s  a l i q u i d  n i t rogen  cooled InAs emi t t i ng  diode (Texas 
Instrument) was used t o  make t h e  same measurement. The manufacturer ' s  s p e c i -  
f i c a t i o n s  f o r  t h i s  diode i n d i c a t e  t h a t  t h e  s p e c t r a l  r a d i a n t  output  i s  confined 
t o  wavelengths between 1 and 3 . 3  1-1, and t h a t  t h e  r i s e  t i m e  i s  about 100 nsec .  
This device is  s p e c t r a l l y  b e t t e r  s u i t e d  than  i s  t h e  G a A s  emi t t i ng  diode f o r  
measuring t h e  r ise  time be ing  descr ibed .  However, t h e  InAs diode i s  mounted 
i n  the  bottom of  a smal l  Dewar, much l i k e  t h e  cooled I R  d e t e c t o r ,  and it  i s  
o p t i c a l l y  much more d i f f i c u l t  t o  couple t h i s  source  t o  t h e  d e t e c t o r .  The 
d e t e c t o r  r i s e  time observed wi th  t h i s  source  was e s s e n t i a l l y  t h e  same as t h a t  
obtained with t h e  GaAs source .  

The preceding r e s u l t s  are f o r  cooled InSb d e t e c t o r s .  Doped semiconductor 
ma te r i a l s  f o r  use a t  longer  wavelengths may show dual  time cons tan ts ;  t h a t  i s ,  
response a t  s h o r t  wavelengths may d i f f e r  from response a t  long wavelengths 
( r e f .  7 ) .  Addi t iona l ly ,  r i s e  t i m e  and f a l l  time may be  d i f f e r e n t .  

The var ious  mechanisms t h a t  cause d r i f t  i n  m u l t i p l i e r  phototubes have no 
obvious counterpar t s  i n  s o l i d - s t a t e  d e t e c t o r s .  S o l i d - s t a t e  de t ec to r s  should 
have good long-term s t a b i l i t y  of s e n s i t i v i t y .  S t a b i l i t y  of s e n s i t i v i t y  of  
s o l i d - s t a t e  de t ec to r s  has  not  been i n v e s t i g a t e d  ex tens ive ly  by t h e  authors  ; 
however, t he  fol lowing t e s t  was made. 

A commercially a v a i l a b l e ,  cooled InSb d e t e c t o r  was s e t  up and t h e  
response t o  a 500" K blackbody source was measured s e v e r a l  t imes a day f o r  
f i v e  days.  I t  was found t h a t  t h e  v a r i a t i o n  over  an 8-hour pe r iod  was l e s s  
than 0 . 5  pe rcen t ,  and t h e  v a r i a t i o n  from day t o  day was on t h e  o rde r  of  
1 pe rcen t .  I t  i s  be l i eved  t h a t  t h i s  l e v e l  of  s t a b i l i t y  i s  t y p i c a l  of  a 
d e t e c t o r  i n  good working o rde r .  

APPLICATIONS 

The preceding d i scuss ion  has been confined t o  t h a t  of i nd iv idua l  radiom- 
e t e r s ,  but  seldom is a s i n g l e  radiometer s u f f i c i e n t  f o r  experimental  appara- 
t u s .  In s t ead ,  complicated arrangements u sua l ly  r e s u l t  from design t o  a 
p a r t i c u l a r  a p p l i c a t i o n .  I t  i s ,  t h e r e f o r e ,  of i n t e r e s t  t o  consider  radiometer  
systems t h a t  a r e  a c t u a l  d a t a  c o l l e c t i o n  systems.  Three d ive r se  systems cur-  
r e n t l y  i n  use a t  t h e  Ames Research Center w i l l  b e  d iscussed .  

The f i r s t  system c o n s i s t s  of t h r e e  monochromator-radiometers arranged 
i n  such a way as t o  have a common o p t i c a l  ax i s  normal t o  t h e  flow w i t h i n  a 
shock tube  ( f i g .  1 4 ) .  The r a d i a t i o n  i n  a d i r e c t i o n  along t h e  o p t i c a l  a x i s  
from the  h o t  gas contained i n  t h e  view f i e l d  i s  d i v e r t e d  t o  t h e  radiometers  
v i a  t h e  p a r t i a l l y  t r a n s m i t t i n g  mi r ro r s .  This system was used by Arnold 
( r e f .  8) t o  s tudy chemical k i n e t i c s .  

A second system c o n s i s t s  of a g r a t i n g  monochromator (with fou r  g r a t i n g s )  
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Figure 14.- Shock tube radiometer system using 
three monochromator-radiometers with a 
common optical axis. 

Grotmngs - - 
(2 below1 

Trigger multiplier 
phototube -- 

Figure 15.- Schematism of 4-channel scanning 
monochromator. 

Figure 16.- Schematism of multichannel radiometer 
uppcr bank drawn to scale. 

b a l l i s t i c - r a n g e  model, and which has  
fou r  e x i t  s l i t s ,  each equipped wi th  a 
m u l t i p l i e r  phototube ( f i g .  15 ) .  
I d e a l l y ,  t h e  b a l l i s t i c - r a n g e  model 
should  be  b l u n t  and should e x h i b i t  
only bow-shock r a d i a t i o n ;  t h i s  system 
could then  b e  employed t o  g ive  con- 
t inuous  coverage over  a wide s p e c t r a l  
range a t  t h e  s a c r i f i c e  of s p a t i a l  
r e s o l u t i o n  o f  t h e  r a d i a t i o n .  The 
g r a t i n g s  a r e  ad jus t ed  s o  t h a t  each 
d e t e c t o r  r ece ives  a d i f f e r e n t  spec-  
t r a l  range,  thus  provid ing  t o t a l  
coverage from 0 .2  t o  1 .0  LI with no 
i n t e r f e r e n c e  from h ighe r  o rde r s  of 
t h e  g r a t i n g s  ( see  page 6 ) .  This 
instrument  i s  descr ibed  i n  d e t a i l  i n  
r e fe rence  30. The four-channel 
instrument  i s  an ex tens ion  of  t h e  
s i n g l e -  channe 1 scanning monochromator 
descr ibed  i n  r e fe rence  31. The 
e a r l i e s t  r e f e rence  t o  such a device 
appears t o  be  r e fe rence  32. 

A t h i r d  system, which has not  
been descr ibed  elsewhere,  i s  a mul t i -  
channel radiometer  cons i s t ing  of  18 
monochromator-radiometers . This  sys -  
tem i s  used p r imar i ly  t o  s tudy  r a d i a -  
t i o n  s p a t i a l l y  reso lved  i n  t h e  
d i r e c t i o n  of  t r a v e l  from t h e  flow 
f i e l d s  of  b a l l i s t i c  models. The 
radiometer  system i s  on two t a b l e s ,  
one of which i s  shown schemat ica l ly  
i n  f i g u r e  16 (drawn t o  s c a l e ) .  Each 
t a b l e  forms a base  f o r  n ine  channels .  
A channel c o n s i s t s  of an ind iv idua l  
monochromator-radiometer equipped 
with a m u l t i p l i e r  phototube ( f i g .  24) 
and a m i r r o r ,  and i s  shown i n  f i g -  
u r e  17. Incoming r a d i a t i o n  i s  
d i r e c t e d  by mi r ro r s  i n t o  t h e  en t rance  
s l i t s .  The model t r a v e l s  only a 
s h o r t  d i s t a n c e  during t h e  per iod  of  
d a t a  c o l l e c t i o n ;  thus each mir ror  can 
be  ad jus t ed  s o  t h a t  t h e  o p t i c a l  pa th  
wi th in  t h e  monochromat o r  remains 
f i x e d  f o r  both c a l i b r a t i o n  and experi-  
ment. Each monochromator i s  a Bausch 
and Lomb instrument  of 25-cm f o c a l  
length ,  having a l l  i n t e r n a l  o p t i c s  
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Figure 17.- Monochromator-radiometer as used in 
the 18-channel radiometer. 

Figure 18.- 18-channel radiometer system before 
the Ames Hypersonic Free-Flight Radiation 
Facility. 

0 

r e f l e c t i v e ;  i t  al lows s p e c t r a l  r e s o l u t i o n  from a few angstroms t o  800 A ,  
us ing  a 600-line/mm g r a t i n g .  
a d j u s t a b l e .  Each channel observes t h e  model i n  t h e  view f i e l d  with an o p t i c a l  
d i r e c t i o n  not  exceeding a few degrees from a normal t o  t h e  f l i g h t  pa th .  The 
second t a b l e  i s  loca ted  beneath t h e  top  t a b l e ,  i n  an i d e n t i c a l  p o s i t i o n ,  
except t h a t  t h e  o p t i c a l  pa th  i s  d isp laced  i n  r o t a t i o n  from t h e  top  t a b l e  17.5" 
about t h e  f l i g h t  pa th .  This  angle  was shown t o  in t roduce  n e g l i g i b l e  e r r o r  f o r  
cone models f l y i n g  a t  angle  of  a t tack ,  based on r e s u l t s  r epor t ed  i n  r e f e r -  
ence 33. In  f i g u r e  18,  t h e  f r o n t  h a l f  of t h e  e n t i r e  radiometer  system i s  
shown pos i t i oned  be fo re  t h e  Ames Hypersonic Free-Fl ight  Radiat ion F a c i l i t y .  
The e n t i r e  system assembly can be  moved without  d i s t u r b i n g  any of t h e  com- 
ponent radiometers .  Recording osc i l l o scopes  and power supp l i e s  a r e  loca t ed  
remotely,  and a l l  e l e c t r i c a l  connections a r e  made a t  t h e  panel  a t  t h e  r e a r  of  
t h e  ass emb ly  . 

The en t rance  and e x i t  s l i t s  a r e  independently 

F ina l  alinement f o r  each radiometer  channel i s  by means of mounts t h a t  
allow t r a n s l a t i o n  wi th in  t h e  frame. A p o i n t  l i g h t  source  i s  moved about on 
the  c e n t e r  l i n e  o f  t h e  t e s t  s e c t i o n  i n  t h e  view f i e l d ,  and t h e  channels a r e  
ad jus ted  s o  t h a t  each mi r ro r  ( f i g s .  16 and 17) i s  as c l o s e  t o  t h e  c e n t e r  of 

t es t  s e c t i o n .  This  arrangement minimizes t h e  t o t a l  h o r i z o n t a l  angle  sub- 
tended by t h e  outermost m i r r o r s .  The mi r ro r s  a r e  then  ad jus t ed  so  t h a t  t h e  
beam i s  centered  on t h e  en t rance  s l i t .  

I t h e  t a b l e  as p o s s i b l e  without  e c l i p s i n g  t h e  o t h e r  mi r ro r s  f a r t h e r  from t h e  

The s l i t  a t  t h e  t e s t - s e c t i o n  window i s  a d j u s t a b l e  from f u l l y  c losed  t o  
5 c m  t o  provide a range of  v i ew- f i e ld  widths w i t h i n  t h e  t e s t  s e c t i o n .  
penumbra of  t h e  view f i e l d  i s  c o n t r o l l e d  by t h e  monochromator en t rance  s l i t  
width,  and thus  may b e  vanish ingly  small compared wi th  t h e  v iew-f ie ld  width.  
A t y p i c a l  osci l logram obta ined  from a channel dur ing  t h e  b a l l i s t i c - r a n g e  t e s t  
o f  an a b l a t i n g  p l a s t i c  model i s  shown i n  f i g u r e  19. The s e t t i n g s  f o r  t he  

The 
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Gas cap in view (model sides coming into view) 

Gas cap and sides in ful l  view 
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Figure 19.- Oscillogram obtained from ballistic range test with a multiplier-phototube radiometer. 
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channel were: en t rance  s l i t ,  0 . 5  mm; e x i t  s l i t ,  8 mm; and d i s t a n c e  from 
f l i g h t  pa th ,  1 m .  Features  of t h i s  osc i l logram are i n d i c a t e d  and matched wi th  
p i c t u r e s  of t h e  model p laced  i n  proper  p o s i t i o n  wi th  r e spec t  t o  t h e  radiometer  
view f i e l d .  The r a d i a t i n g  flow f i e l d  around t h e  model and i n  t h e  wake are 
c l e a r l y  v i s i b l e .  Note t h e  change i n  s l o p e  of  t h e  t r a c e  when t h e  s i d e s  of  t h e  
model have come f u l l y  i n t o  t h e  view f i e l d .  The r a p i d  change of t h e  radiometer  
output  as t h e  model e n t e r s  and leaves t h e  view f i e l d  i n d i c a t e s  t h e  narrow 
penumbra (0 .5  mm) and s h o r t  r ise  time of  t h e  radiometer  (approximately 
40 nsec ) .  I t  i s  i n s t r u c t i v e  t o  compare t h i s  f i g u r e  wi th  t h e  corresponding 
f i g u r e  of re ference  2 ob ta ined  under s imilar  cond i t ions ,  b u t  wi th  much wider  
penumbra and a longer  r i s e - t ime  radiometer .  With var ious  combinations of  
mul t ip l ie r -photo tube  types and monochromator g r a t i n g  b l a z e  angles ,  t h e  system 
can i n  p r a c t i c e  cont iguously cover t h e  s p e c t r a l  reg ion  from 0 . 2  t o  1.1 p with  
good s e n s i t i v i t y  . 

Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e l d ,  Cal i f . ,  94035, June 27 ,  1969 
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APPENDIX A 

MATHEMATICAL MODEL OF MONOCHROMATOR-RADIOMETER RESPONSE 

A radiometer ,  as d iscussed  i n  t h i s  paper ,  c o n s i s t s  mainly of  a quantum 
d e t e c t o r ,  a s p e c t r a l  f i l t e r ,  and an ampl i f i e r ,  and has  some means o f  de f in ing  
t h e  view f i e l d .  The s p e c t r a l  f i l t e r  may be  any of  s e v e r a l  devices;  i n  t h i s  
appendix a g r a t i n g  monochromator w i l l  b e  considered f o r  u s e  as t h e  s p e c t r a l  
f i l t e r .  

A monochromator used as t h e  f i l t e r  has t h e  d e s i r a b l e  f e a t u r e  of  being 
v a r i a b l e  i n  s p e c t r a l  coverage and band-pass shape.  However, f o r  convenient 
use of  t h e  radiometer ,  i t  i s  d e s i r a b l e  t h a t  t h e  abso lu te  s p e c t r a l  s e n s i t i v i t y  
be c o n t r o l l a b l e  and desc r ibab le  i n  terms of c a l i b r a t i o n  cons t an t s .  Before a 
radiometer can be c a l i b r a t e d  and used as a v a r i a b l e  wavelength and band-pass- 
shape instrument ,  equat ions must be der ived  t h a t  d e f i n e  i t s  performance i n  
terms of t he  c o n t r o l l a b l e  parameters ( v i z . ,  wavelength s e t t i n g  ,and s l i t  
wid ths) .  These equat ions  i n d i c a t e  t h e  most e f f i c i e n t  Ca l ib ra t ion  procedure 
and p r e d i c t  absolu te  s p e c t r a l  s e n s i t i v i t y  under a v a r i e t y  of condi t ions .  

In  t h i s  appendix a response equat ion w i l l  b e  der ived .  The de r iva t ion  
r e l i e s  on a der ived  normalized monochromator t r a n s f e r  func t ion  t h a t  w i l l  a l s o  
be  discussed and compared with measured r e s u l t s .  

RESPONSE EQUATION 

Grat ing Monochromator 

The response of  a monochromator-radiometer t o  a r a d i a t i o n  source i s ,  i n  
genera l ,  

where 

V radiometer  ou tpu t ,  V 

G e l e c t r o n i c  s e n s i t i v i t y ,  (V)  output/(A)detector 

H(A) s p e c t r a l  i r r a d i a n c e  from t h e  source ,  W/cm2-p 

R(s1 ,s2,Ao,X) s p e c t r a l  response of  t h e  radiometer ,  h e r e  considered t o  be  
a d d i t i o n a l l y  a func t ion  of  t h e  monochromator s l i t  widths 
and g r a t i n g  d r i v e  s e t t i n g ,  (A) d e t e c t o r /  (W/cm2) incident 
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s1,s2 ent rance  and e x i t  s l i t  widths ,  r e s p e c t i v e l y ,  c m  

A 0  monochromator g r a t i n g  d r i v e  s e t t i n g ,  IJ 

A i n t e g r a t i o n  v a r i a b l e  r ep resen t ing  wavelength, IJ 

When a m u l t i p l i e r  phototube i s  used f o r  t h e  d e t e c t o r ,  we w i l l  d e f ine  t h e  
d e t e c t o r  cu r ren t  as t h e  cathode cu r ren t  and a s s o c i a t e  t h e  r e s u l t a n t  dynode 
m u l t i p l i c a t i o n  wi th  t h e  system e l e c t r o n i c  s e n s i t i v i t y ,  G .  

The s p e c t r a l  response o f  t h e  radiometer ,  R, is  der ived  as fo l lows .  The 
s p e c t r a l  power, P 2 ,  a t  t h e  e x i t  s l i t  p l ane ,  contained i n  a monochromatic image 
of t h e  en t rance  s l i t ,  i s  given by:  

where T ( A )  i s  t h e  aggregate  t ransmiss ion  of  t h e  i n t e r n a l  components of t h e  
monochromator, and Z i s  t h e  he igh t  of  t h e  en t rance  s l i t ,  c m .  The normalized 
t r a n s f e r  func t ion ,  f(X) , i s  t h e  geometric f r a c t i o n  of t h e  monochromatic 
en t rance  s l i t  image pass ing  through t h e  e x i t  s l i t ,  normalized t o  un i ty . '  

' f r a c t i o n ,  f (X) ,  o f  t h i s  power t h a t  leaves t h e  e x i t  s l i t  i s :  
The 

f o r  an equal f o c a l  length  camera and co l l ima t ing  o p t i c s  ( i . e . ,  t h e  en t rance  
s l i t  magni f ica t ion  i s  u n i t y ) .  I t  i s  seen i n  f i g u r e  20 t h a t  t h e  maximum f r a c -  
t i o n  o f  t h e  en t rance  s l i t  image leaving  t h e  e x i t  s l i t  i s  u n i t y ,  o r  s2/s1 

f o r  t h e  two cases  ind ica t ed  by equa- 
t i o n  (A3). Assuming t h a t  a l l  t h e  
r a d i a t i o n  t h a t  leaves t h e  e x i t  s l i t  
a r r i v e s  a t  t h e  s e n s i t i v e  a r e a  of  t h e  
d e t e c t o r ,  w e  can r e w r i t e  equat ion (A2), 
us ing  equat ion  (A3), and w e  have t h e  
power a t  t h e  d e t e c t o r ,  

Po = P2f(A) = ZMIN(S,,S,)T(X)~(X)H(A) 

(A41 

where MIN(sl,s2) i s  equal t o  t h e  
sma l l e r  of  t h e  arguments. F i n a l l y ,  

Figure 20.- Sketch showing relation of exit slit 
and entrance slit monochromatic image (at 
X = io) for s1 > s2 and s 1  < . s 2 .  

'For t h e  case of  a f i l t e r  radiometer ,  t h e  analogous normalized t r a n s f e r  
func t ion  i s  simply t h e  normalized f i l t e r  t ransmiss ion .  
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if t h e  quantum e f f i c i e n c y  of t h e  d e t e c t o r  i s  c ( X ) , t h e  s p e c t r a l  response of  
t h e  radiometer  i s  given by 

f ( A )  

.s 

I f  Z i s  taken t o  b e  a cons t an t ,  t h e  response equat ion ,  (Al), becomes 

image s i z e  may be  neglec ted ;  g r a t i n g  
orders  above t h e  f i r s t  o rde r  a r e  
assumed t o  be  blocked.  The h a l f -  

- width (width of  t h e  t r apezo id  a t  
f(A) = 1/2) i s  given by t h e  func t ion  

l a r g e r  of  t h e  arguments ,mult ipl ied 
by t h e  monochromator r e c i p r o c a l  d i s -  

Mor ( S I ,  S z )  d MAX(sl,s2), which i s  equal t o  t h e  

1 I per s ion  d ,  i n  p/cm. The width o f  

where &F(X)  = G E ( A ) T ( A ) Z .  

Under t h i s  d e f i n i t i o n ,  -4% i s  not  taken t o  b e  a func t ion  of  X ;  hence, t h e  
wavelength dependent terms a r e  contained i n  F ( A ) .  To eva lua te  t h e  func t ions  

&and F ( A )  s e p a r a t e l y  , we de f ine  f o r  convenience : 

whereby then 

Note t h a t  [T(X)E(X)]MAx i s  a cons tan t ,  and F(X) has  a maximum value  of  
un i ty  according t o  t h i s  d e f i n i t i o n .  
e t e r  t h a t  are caused by changes i n  t h e  system cu r ren t  ga in  (e .g .  , changes i n  
mul t ip l ie r -photo tube  high vol tage)  are manifest  i n  & , and v a r i a t i o n s  caused 
by changes i n  s p e c t r a l  coverage of t h e  radiometer  ( v i z . ,  change o f  g r a t i n g  
p o s i t i o n  wi th in  t h e  monochromator) a r e  manifest  i n  F ( X ) .  C a l i b r a t i o n  of  t h e  
monochromator-radiometer c o n s i s t s  i n  determining t h e  func t ions  & and F ( A ) ;  
as d iscussed  i n  t h e  t e x t  o f  t h i s  r e p o r t .  

Var ia t ions  i n  s e n s i t i v i t y  of  t h e  radiom- 

, 
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t o  t h e  familiar t r i a n g u l a r  shape when t h e  s l i t  widths  are equal .  The r eade r  
i s  d i r e c t e d  t o  r e fe rence  34, chapter  6 ,  f o r  a d e r i v a t i o n  of  t h e  above f i g u r e  
t h a t  shows t h e  normalized t r a n s f e r  func t ion .  

The fol lowing i s  an empir ica l  determinat ion of  f ( A )  f o r  a monochromator- 
radiometer .  This determinat ion c o n s i s t s  i n  showing experimental ly  t h a t  t h e  
form given i n  f i g u r e  2 1  i s  indeed app l i cab le  t o  t h e  instrument .  
done i n  two p a r t s :  f i r s t ,  i t  w i l l  b e  shown t h a t  t h e  output  signal of  t h e  
radiometer  obeys t h e  response equat ion  t h a t  i s  obta ined  when t h e  form of 
f(A) i s  used i n  t h e  equat ion;  and, second, it w i l l  b e  shown t h a t  t h e  func- 
t i o n a l  shape of  f ( A ) ,  measured a t  t h e  s e l e c t e d  wavelength and s l i t  widths ,  
i s  t h e  same as shown i n  f i g u r e  2 1 .  

This  w i l l  b e  

A continuum source  i s  convenient f o r  performing t h e  f irst  t e s t .  Equa- 
t i o n  (12) i s  app l i cab le  f o r  t h i s  case:  

where H(Ao) i s  t h e  s p e c t r a l  i r r a d i a n c e  from an a r b i t r a r y  continuum source .  
Thus, i f  a mat r ix  of radiometer  output  vo l tages  i s  compiled as a func t ion  of 
t he  s l i t  wid ths ,  S I  and 52 ,  with a l l  o t h e r  parameters i n  t h e  above equat ion 
f ixed ,  and it  i s  found t h a t  t h e  vol tage  i s  p ropor t iona l  t o  t h e i r  p roduct ,  
then  it may be  assumed f o r  t h i s  case t h a t  t h e  radiometer  i s  obeying t h e  
response equat ion .  

In  a radiometer  design developed by t h e  au thors  t h a t  u t i l i z e d  e ighteen  
25 cm foca l -  length monochromators, each wi th  a r e c i p r o c a l  d i spe r s ion  of 
0 .067 u/cm, i t  was found t h a t  t h e  radiometer  followed t h e  above propor t ion-  
a l i t y  i f  an e f f e c t i v e  s l i t  width was used.  This i s  def ined  as fol lows:  

where s i s  t h e  i n d i c a t e d  s l i t  width,  and 6 i s  an o f f s e t  c o r r e c t i o n  t h a t  i s  
determined empi r i ca l ly  f o r  each s l i t  d r i v e  by measuring t h e  radiometer  ou tput  
over  a range o f  s i g n a l s  and choosing t h e  va lue  of  6 t h a t  b e s t  f i t s  t h e  
response equat ion t o  t h e  d a t a .  The method o f  determining e f f e c t i v e  s l i t  
widths gave acceptab le  agreement between p red ic t ed  and measured radiometer  
ou tputs  over  a range o f  s l i t  widths from 0 .05  c m  t o  1 .0  cm. The o f f s e t  cor- 
r e c t i o n s  were from 0 t o  0 . 0 2  c m  f o r  t h i s  system. I n  t h e  i n i t i a l  adjustment 
of t h e  s l i t  d r i v e s ,  t h e  s l i t  jaws were c losed  and t h e  knob was s e t  on t h e  
s h a f t  t o  i n d i c a t e  0 ;  t hus ,  t h e  "of fse t"  co r rec t ions  d iscussed  he re  do no t  
r ep resen t  a s imple mechanical o f f s e t .  

1 

1 

The form o f  f(A) could be  obta ined  by i r r a d i a t i n g  t h e  en t rance  s l i t  of 
t he  monochromator-radiometer with a monochromatic beam of  v a r i a b l e  wavelength. 
As t h e  wavelength of  t h e  i n c i d e n t  beam i s  v a r i e d  i n  t h e  reg ion  about io, t h e  
output  of t h e  radiometer  w i l l  b e  p ropor t iona l  t o  t h e  ins tan taneous  va lue  of 
f(A) , assuming t h a t  t h e  power i n  t h e  beam remains cons tan t  ( s ee  eq.  (17) ) .  
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Since i t  i s  sometimes d i f f i c u l t  t o  o b t a i n  a monochromatic beam t h a t  
meets t h e  above requirements and whose power i s  independent o f  wavelength, an 
a l t e r n a t e  approach employs an i s o l a t e d  atomic l i n e  f o r  a source  ( e . g . ,  a l i n e  
from a low-pressure mercury lamp). Varying A, i n  t h e  v i c i n i t y  of  t h e  l i n e  
has  t h e  e f f e c t  o f  causing t h e  func t ion  
length ;  t h e  corresponding output  i s  p ropor t iona l  t o  f ( A )  as def ined  on t h e  
s l i t  s e t t i n g s  be ing  used. 

f(A) t o  scan  ac ross  t h e  l i n e  wave- 

Figure 22 shows t h e  func t ions  f(A) as determined f o r  two s l i t  s e t t i n g s  
on a 25-cm foca l - l eng th  monochromator-radiometer. The p o i n t s  r ep resen t  t h e  

Figure 22.- Comparison of measured and analytical 
transfer function. 

d a t a ,  and t h e  dashed l i n e s  r ep resen t  
t h e  given form f o r  f(A). The agree- 
ment between d a t a  and given form i s  
e x c e l l e n t  h e r e ,  as i t  i s  i n  many 
o t h e r  combinations o f  s l i t  widths 
from s e v e r a l  monochromators examined 
by t h e  au tho r s .  However, when s l i t  
widths of 0 . 0 5  cm o r  l e s s  a r e  con- 
s i d e r e d ,  t h e  d a t a  and theory  begin  
t o  d iverge .  This lack of  agreement 
might b e  due i n  p a r t  t o  t h e  manner i n  
which s l i t  width i s  determined, 
namely, s = s - 6 .  The o f f s e t  i s  
determined by assuming t h a t  t h e  
energy leaving  t h e  s l i t  and a r r i v i n g  
a t  t h e  d e t e c t o r  i s  p ropor t iona l  t o  - -  

t he  s l i t - r e a d i n g  less t h e  o f f s e t .  I f  t h e  s l i t  jaws a r e  no t  p a r a l l e l ,  o r  i f  
t h e  d r ive  i s  not  accu ra t e ,  then  t h e  a c t u a l  zero width cannot b e  determined by 
ex t r apo la t ion  i n  t h e  manner def ined.  

I t  i s  ev ident  t h a t  f o r  p r e c i s e  narrow band-pass radiometry,  such as 
i s o l a t i o n  of one p a r t i c u l a r  sequence of a molecular  system, t h e  c e n t e r  wave- 
length  and s p e c t r a l  band-pass shape of t h e  monochromator-radiometer must be  
accu ra t e ly  known. Small e r r o r  i n  knowledge of  A, might lead  t o  seve re  
a t t enua t ion  i n  t h e  s p e c t r a l  region of i n t e r e s t .  I t  i s  p o s s i b l e  t o  perform 
the  c a l i b r a t i o n  by determining f(A), as has  been o u t l i n e d ,  us ing  a l i n e  as 
s p e c t r a l l y  near  t h e  reg ion  of  i n t e r e s t  as p o s s i b l e .  This  provides  a wave- 
length  d r ive  c a l i b r a t i o n  t h a t  can be t r a n s f e r r e d  t o  t h e  r equ i r ed  s e t t i n g ,  as 
w e l l  as s p e c t r a l  band-pass c a l i b r a t i o n .  
n a t u r e ,  and t h e  c a l i b r a t i o n  procedures a r e  d iscussed  t h e r e i n .  

Reference 8 d i scusses  work of t h i s  

P r i s m  Monochromator 

The preceding a n a l y s i s  o f  t h e  behavior  of a d e t e c t o r  f i t t e d  t o  a g r a t i n g  
monochromator app l i e s  t o  t h e  use of  a prism monochromator i f  t h e  u s e r  accounts 
f o r  t h e  nonl inear  d i spe r s ion  of  t h e  pr ism.  
f o r  a prism monochromator i s  not  cons tan t  wi th  A, (as  i t  i s  f o r  a g r a t i n g  
monochromator used nea r  normal incidence)  . 
i nc reases  i n  ha l f -wid th  with decreas ing  wavelength (depending on prism mate- 
r i a l  and wavelength).  
monochromator t r a n s f e r  func t ions  t h a t  would be  use fu l  i n  t h i s  i n s t a n c e .  

The normalized t r a n s f e r  func t ion  

The t r a n s f e r  func t ion  usua l ly  

Reference 35 gives r e s u l t s  of  measurements of pr ism 
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APPENDIX B 

AUXILIARY ELECTRONICS FOR MULTIPLIER PHOTOTUBES AND 

SOLID- STATE INFRARED DETECTORS 

By Donald E .  Humphry 

In  genera l ,  t h e  d e t e c t o r s  descr ibed  i n  t h i s  paper  a r e  not  capable of  
d r iv ing  record ing  equipment ( e . g . ,  o sc i l l o scopes )  d i r e c t l y .  For s h o r t  r i s e -  
t ime use ,  m u l t i p l i e r  phototubes and t h e  InSb i n f r a r e d  de tec to r s  r e q u i r e  
matching of t h e i r  impedances t o  those  of  t h e  cables  connect ing them t o  t h e  
r eco rde r s ;  a l s o  each r equ i r e s  i t s  own p a r t i c u l a r  suppor t  e l e c t r o n i c s .  The 
m u l t i p l i e r  phototube r equ i r e s  a vo l t age  d i v i d e r  t o  supply an a r r ay  of vo l tages  
t o  the  dynodes i n  o rde r  t o  achieve e l e c t r o n  m u l t i p l i c a t i o n .  Capaci tors  a r e  
requi red  a t  t h e  dynodes t o  maintain t h e s e  vo l t ages  dur ing  h igh - l eve l  pu l se s  
when t h e  cu r ren t s  w i th in  t h e  tube  cease t o  b e  n e g l i g i b l e  compared t o  t h e  
d i v i d e r  c u r r e n t .  The i n f r a r e d  d e t e c t o r  r equ i r e s  a means of c o n t r o l l i n g  t h e  
b i a s  vol tage  i t  genera tes  from t h e  ambient r a d i a t i o n  f l u x .  I n  add i t ion ,  t h e  
i n f r a r e d  d e t e c t o r  e x h i b i t s  improved performance i f  i t  i s  used with a low 
impedance c i r c u i t .  

MULTIPLIER PHOTOTUBES 

A m u l t i p l i e r  phototube may be  opera ted  wi th  t h e  anode terminated by a 
noninduct ive r e s i s t o r ;  bu t  t o  d r i v e  a remote osc i l l o scope ,  t h e  low r e s i s t a n c e  
requi red  f o r  high-frequency response r e s u l t s  i n  low vol tage  s i g n a l s .  These 
s i g n a l s  must b e  made high enough (by ampl i f i ca t ion  wi th in  t h e  tube) t o  
dominate subsequent r eco rde r  system n o i s e ,  i nc lud ing  no i se  e x t e r n a l l y  induced 
i n t o  t h e  cab le .  Amplifying t h e  cu r ren t  w i th in  t h e  tube  i n  o rde r  t o  overcome 
reco rde r  system n o i s e  reduces t h e  dynamic range o f  t h e  system. A l a rge  
improvement i s  r e a l i z e d  i f  a high-frequency response a m p l i f i e r  i s  c l o s e l y  
coupled t o  the  d e t e c t o r .  Close-coupling reduces t h e  e x t e r n a l l y  induced no i se  
i n t o  the  lead  from t h e  m u l t i p l i e r  phototube t o  t h e  a m p l i f i e r  and reduces t h e  
capaci tance a t  t h e  a m p l i f i e r  imput. A l a r g e r  r e s i s t a n c e  may then  b e  used t o  
achieve the  same frequency response which r e s u l t s  i n  a d e s i r a b l e  vol tage  
i n c r e a s e  a t  t h i s  p o i n t .  The s i g n a l  i s  then  ampl i f ied  and t h e  ampl i f i e r  
terminated wi th  t h e  c o r r e c t  cab le  impedance. 

The dynode vo l t age  d i v i d e r  i s  comprised o f  a s e r i e s  of r e s i s t o r s  through 
which a cu r ren t  i s  passed.  The dynodes a r e  connected t o  t h e s e  r e s i s t o r s  t o  
o b t a i n  t h e  necessary  vo l t ages .  Reference 1 2  conta ins  a general  d i scuss ion  of 
mul t ip l ie r -photo tube  vo l t age  d i v i d e r s .  Here we a r e  concerned with opt imizing 
t h e  dynamic range f o r  p u l s e  ope ra t ion .  E lec t ron  m u l t i p l i c a t i o n  i s  very s e n s i -  
t i v e  t o  any changes i n  dynode vo l t ages ,  s o  i t  i s  necessary  t o  keep t h e s e  
vol tages  cons tan t  d e s p i t e  t h e  r e l a t i v e l y  long du ra t ion  pulses  t h a t  a r e  pro- 
duced during c a l i b r a t i o n .  This  i s  achieved by bypassing t h e  dynode d i v i d e r  
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10 STAGE ' r e s i s t o r s  t o  ground with a series of  
c a p a c i t o r s ,  see f i g u r e  23. The s i z e  
of  t h e  capac i to r s  r equ i r ed  depends on 
t h e  magnitude and du ra t ion  of t h e  
c u r r e n t  p u l s e  w i t h i n  t h e  tube  and t h e  

d i v i d e r .  The capac i to r s  were chosen 
t o  main ta in  t h e  dynode vol tages  
w i t h i n  10-percent  f o r  an a r b i t r a r y  
adverse ope ra t ing  condi t ion ;  namely, 
low o v e r - a l l  dynode d i v i d e s  vo l t age ,  
h igh  cathode c u r r e n t ,  and long- 
du ra t ion  p u l s e  l eng th .  The values  
were: 50 V p e r  s t a g e ,  20 PA, and 

Figure 23. - Multiplier-phototube amplifier and 0.001 second. The l e a s t  cu r ren t  i s  
drawn from t h e  cathode t o  t h e  f i r s t  

dynode and becomes more t o  each dynode, progress ing  toward t h e  anode. 
t h e  l a s t  dynode r equ i r e s  t h e  l a r g e s t  capac i tance ,  wi th  each preceding dynode 
r e q u i r i n g  p rogres s ive ly  l e s s .  The f irst  dynode i s  not  bypassed because he re  
t h e  cu r ren t  w i th in  t h e  tube  i s  always n e g l i g i b l e  compared t o  t h e  dynode 
d i v i d e r  c u r r e n t .  A dynode vol tage  d i v i d e r  with capac i to r s  i s  shown as p a r t  o f  
t h e  a m p l i f i e r  c i r c u i t  i n  f i g u r e  2 3 .  

MULTIPLIER PHOTOTUBE 

DYNODES 
CATHODE 

i - 5 0 0 T o - 2 0 0 o v 1  r e s i s t a n c e  of  t h e  dynode vol tage  

NOTE ALL RESISTORS 112 WATT 

dynode voltage divider. 

Thus 

I f  the  output  of  t h e  m u l t i p l i e r  phototube i s  used d i r e c t l y  without  an 
ampl i f i e r ,  t h e  r i s e  time depends on t h e  va lue  o f  t h e  output  r e s i s t o r  and t h e  
amount of  capaci tance i n  p a r a l l e l  with i t  (usua l ly  from t h e  cable  and t h e  
osc i l l o scope  input  capac i tance) .  The r i s e  t ime,  T ~ ,  is  approximately twice 
t h e  t ime cons t an t ,  t h a t  i s ,  T~ 2 2 R C ,  where R and C a r e  t h e  above-mentioned 
r e s i s t a n c e  and capac i tance .  However, i f  a coaxia l  cab le  i s  proper ly  termi-  
na ted  by a r e s i s t a n c e  equal t o  i t s  c h a r a c t e r i s t i c  impedance, t h e  cable  does 
not  con t r ibu te  t o  t h e  above capac i tance .  

The ampl i f i e r  i n  f i g u r e  23 i s  a cu r ren t  a m p l i f i e r  wi th  a gain of 1 2 1 .  
I t  i s  i n  two s t a g e s ,  each having a cu r ren t  ga in  of 11. Each s t a g e  i s  com- 
posed o f  two t r a n s i s t o r s  with feedback such t h a t  t h e  cu r ren t  ga in  i s  con- 
t r o l l e d  by t h e  r a t i o  of  two r e s i s t o r s ,  and i s  given by [ l  + (Rl/R2)].  The 
ga in ,  then ,  i s  p r a c t i c a l l y  independent of t r a n s i s t o r  parameters and can be 
changed e a s i l y  by varying t h e  feedback r e s i s t o r  r a t i o .  
a m p l i f i e r  i s  connected t o  an osc i l l o scope  by means of a coaxia l  cab le  
(RG-7l/u), and terminated a t  t h e  osc i l l o scope  wi th  i t s  c h a r a c t e r i s t i c  imped- 
ance (100 R i s  used f o r  convenience i n s t e a d  of  93  R ,  which i s  exac t  f o r  t h i s  
cab le ) .  This i s  necessary i n  o rde r  t o  avoid d i s t o r t i n g  t h e  leading edge of  a 
f a s t - r i s i n g  p u l s e .  

The output  of  t h e  

The a m p l i f i e r  i s  designed t o  opera te  with a nega t ive  inpu t  pu l se  ( v i z . ,  
output  of  a m u l t i p l i e r  phototube) ,  and i t  i s  with t h i s  type  of an inpu t  t h a t  
i t  has the  g r e a t e s t  dynamic range,  approximately 5 V i n t o  100 R .  Care must 
be taken when t h e  m u l t i p l i e r  phototube i s  r ece iv ing  a s t e a d i l y  modulated 
r a d i a t i o n  s i g n a l ,  such as a square  wave as i s  produced during radiometer  C a l i -  
b r a t i o n ,  because t h e  a m p l i f i e r  s a t u r a t e s  on a p o s i t i v e  s i g n a l  a t  about 0.2 V .  
This s a t u r a t i o n  i s  no t  apparent  from t h e  observed wave shape.  With t h i s  type  
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G cm 

Figure 24.- Multiplier-phototube assembly, 
including dynode voltage divider and 
amplifier. 

dividw 

o f  s i g n a l  i n p u t ,  t h e  output  should be  
l i m i t e d  t o  0 .4  V ,  peak-to-peak. The 
band pass  of  t h e  a m p l i f i e r  i s  from 
5 Hz t o  8 MHz a t  t h e  3 DB p o i n t s .  

Figure 24 i s  a photograph of  
t h i s  a m p l i f i e r ,  inc luding  a vol tage  
d i v i d e r ,  m u l t i p l i e r  phototube, and 
i n t e g r a l  mounting frame. 

When t h e  ampl i f i e r  descr ibed  
above i s  used,  t h e  l e v e l  of  ou tput  
n o i s e  i s  normally determined by t h e  
n o i s e  i n  t h e  m u l t i p l i e r  phototube 
i t s e l f  ( see  appendix C ) .  The 
ampl i f ie r -genera ted  no i se  i s  approxi- 
mately 10 mV and i s  n e g l i g i b l e  i f  t h e  
m u l t i p l i e r  phototube is  opera ted  a t  
high ga in .  

SOLID-STATE INFRARED DETECTORS 

The ampl i f i e r  used with t h e  InSb i n f r a r e d  d e t e c t o r  i s  shown 
schemat ica l ly  i n  f i g u r e  2 5 .  The ampl i f i e r  i s  a cu r ren t  ampl i f i e r  with a 
t o t a l  cu r ren t  ga in  of 1300 and a band pass  from 5 H z  t o  1 M H z .  The inpu t  
impedance i s  approximately 10 R .  The output  of  t h e  ampl i f i e r  d r ives  a cable  
terminated with 100 R. 

Since t h i s  a m p l i f i e r  has high gain and a wide-frequency response band, 
t h e r e  i s  a problem of undes i rab le  feedback t h a t  r e s u l t s  i n  an o s c i l l a t i o n  of  
t h e  ampl i f i e r .  Therefore ,  t h e  a m p l i f i e r  and t h e  d e t e c t o r  a r e  mounted i n  t h e  
same chass i s  with minimum lead  length between t h e  d e t e c t o r  and t h e  output  of 
t h e  ampl i f i e r  and with component placement t h a t  minimizes t h e  l i ke l ihood  of 

Figure 25.- Low-impedance amplifier for solid- 
state infrared detectors. 

t h i s  undes i rab le  feedback. In  addi-  
t i o n ,  a mechanical b a f f l e  i s  used t o  
s e p a r a t e  t h e  . input  s t a g e  of  t h e  
a m p l i f i e r  from t h e  d e t e c t o r .  This  i s  
done t o  avoid a poss ib l e  zero s h i f t  
between t h e  input  s t ages  due t o  t h e  
cool ing  e f f e c t  of t h e  co ld  d e t e c t o r  
environment. Two complete a m p l i f i e r  
and d e t e c t o r  assemblies a r e  shown i n  
f i g u r e  26 

The inpu t  s t a g e  of  t h e  a m p l i f i e r  
i s  a d i f f e r e n t i a l  i npu t  and i s  dc  
coupled t o  t h e  d e t e c t o r .  The b i a s  on 
t h e  d e t e c t o r ,  t h a t  i s ,  t h e  vo l t age  
between inpu t  s t a g e s ,  can b e  ad jus t ed  
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t o  zero wi th  t h e  v a r i a b l e  r e s i s t o r  
Deieclor  aperlure i n  t h e  c o l l e c t o r  c i r c u i t  of one of  

t h e  inpu t  s t a g e s  (shown i n  f i g .  25 as . 
"bias  ad jus t " ) .  Because of t h e  low 
inpu t  impedance of  t h e  ampl i f i e r ,  t h e  
b i a s  does no t  vary  appreciably during 
t h e  t i m e  t h e  r a d i a t i o n  s i g n a l  i s  
p re sen t  . 

LOW amp1 Impedance h e r  

The a m p l i f i e r  i s  a pu l se  
InSb detector  Top v iew 

a m p l i f i e r  and i s  designed t o  have a 
wider dynamic range f o r  a p o s i t i v e  
p o l a r i t y  s i g n a l  going t o  Qla. There- 
f o r e ,  one must i n s u r e  t h a t  t h e  pos i -  
t i v e  l ead  of  t h e  d e t e c t o r  i s  
connected t o  Qla. When c a l i b r a t i n g  

F lgure  2 6 . -  I n f r a r e d  radiometer .  

t h e  d e t e c t o r  with a modulated r a d i a t i o n  s i g n a l ,  t h e  output  vo l tage  i n t o  a 
100 R load must n o t  exceed 0 . 4  V peak-to-peak i n  o r d e r  t o  avoid s a t u r a t i n g  t h e  
ampl i f i e r .  
4.0 V i n t o  a 100 R load be fo re  s a t u r a t i o n .  

For normal s ing le -pu l se  opera t ion  t h e  output  vo l tage  can reach 

The no i se  output  i s  due p r imar i ly  t o  cu r ren t  produced by t h e  d i f f e r -  
e n t i a l  input  s t a g e  of  t h e  ampl i f i e r .  This  no i se  c u r r e n t  i s  dependent on t h e  
impedance between t h e  inpu t  te rmina ls  and, t h e r e f o r e ,  on t h e  p a r t i c u l a r  
d e t e c t o r .  Noise l e v e l s  observed by InSb d e t e c t o r s  wi th  f l a k e s  of approxi- 
mately 1 by 1 mm were from 2 t o  8 mV.  

To prevent  t h e  a m p l i f i e r  from r ing ing  on a f a s t - r i s i n g  input  pu l se ,  small 
compensating capac i to r s  a r e  r equ i r ed  i n  p a r a l l e l  wi th  t h e  feedback r e s i s t o r s ,  
as ind ica t ed  i n  f i g u r e  25. The va lue  of  t h e s e  c 'apaci tors  depends on t h e  
p a r t i c u l a r  d e t e c t o r  be ing  used. 
t i o n  pu l se  should be  fed i n t o  t h e  d e t e c t o r  ( v i a  t h e  G a A s  l i g h t  emi t t i ng  diode 
descr ibed e a r l i e r ,  f o r  example), and t h e  capac i to r s  ad jus t ed  u n t i l  t he  
r ing ing  i s  minimi zed. 

To determine t h i s  va lue ,  a f a s t - r i s i n g  r ad ia -  

4 
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APPENDIX C 

DETECTOR NOISE LIMITATIONS 

Often a b a l l i s t i c - r a n g e  o r  shock-tube experiment r equ i r e s  accu ra t e  
measurement of very low power sou rces .  Some no i se  source  i s  inhe ren t  i n  any 
radiometer  design,  and even tua l ly  i t  obscures a low-level  s i g n a l  , thus plat- 
i n g  a lower l i m i t  on t h e  source  power which can be  measured. 
shown t h a t  t h i s  lower l i m i t  i s  a func t ion  of t h e  p r e c i s i o n  r equ i r ed  and t h e  
measurement time i n t e r v a l .  The lowest source l i m i t  f o r  any radiometer  i s  
achieved when t h e  dominant n o i s e  i s  t h a t  from t h e  i n h e r e n t l y  random a r r i v a l  
of  photons a t  t h e  d e t e c t o r  from t h e  source be ing  measured. When t h e  number 
of  photons t h a t  a r e  i n c i d e n t  on t h e  d e t e c t o r  dur ing  t h e  measurement time 
i n t e r v a l  becomes small, t h e  degree of  p r e c i s i o n  t o  which measurement can b e  
made i s  decreased.  M u l t i p l i e r  phototubes approach t h i s  l i m i t .  Addi t ional  
n o i s e  from t h e  i n c i d e n t  photon f l u x  i s  observed when I R  d e t e c t o r s  a r e  used. 
These de t ec to r s  respond t o  t h e  ambient I R  emission from t h e  room-temperature 
background, o r  from t h e  f i l t e r  be fo re  t h e  d e t e c t o r .  Indeed, t h e r e  i s  always 
ambient i nc iden t  r a d i a t i o n  on any d e t e c t o r ,  b u t  t h e  c o n t r i b u t i o n  t o  t h e  no i se  
from t h e  u l t r a v i o l e t  and v i s i b l e  ( t h e  photocathode regime) emission i s  neg l i -  
g i b l e .  With e i t h e r  d e t e c t o r ,  t h e  no i se  i s  inc reased  a f t e r  t h e  subsequent 
conversion of  t h e  photon f l u x  t o  a c u r r e n t ,  and a f t e r  t h e  ampl i f i ca t ion  o f  
t h a t  cu r ren t  t o  a va lue  adequate t o  b e  measured by convent ional  o sc i l l o scopes .  
The r e s u l t i n g  t e s t  s i g n a l  of i n t e r e s t  i s  compared t o  t h e  f i n a l  no i se ,  and t h e  
r a t i o  i s  termed t h e  s igna l - to -no i se  r a t i o  (abbrevia ted  S/N h e r e i n a f t e r ) .  
This d e f i n i t i o n  w i l l  subsequent ly  be  made p r e c i s e .  

I t  w i l l  b e  

Noise sources  of  radiometers  t h a t  a r e  used t o  measure s h o r t  dura t ion  
s i g n a l s  w i l l  be  d iscussed  i n  t h i s  appendix. A s  has been implied before ,  t h e  
no i se  sources  of i n t e r e s t  a r e  not  n e c e s s a r i l y  t h e  same f o r  m u l t i p l i e r  
phototubes as f o r  IR d e t e c t o r s ,  and t h e  fol lowing t r e a t s  t h e  cases  s e p a r a t e l y .  

MULTIPLIER PHOTOTUBES 

The e l e c t r o n  m u l t i p l i c a t i o n  wi th in  a m u l t i p l i e r  phototube permits  l a rge  
ampl i f i ca t ion  of  t h e  photoemissive cu r ren t  whi le  adding l i t t l e  no i se .  In  
f a c t ,  when low-level s i g n a l s  a r e  be ing  measured by h igh  m u l t i p l i e r  ga in  wi th in  

cu r ren t  t h a t  have been inc reased  s l i g h t l y  by t h e  m u l t i p l i c a t i o n  process .  
can e a s i l y  be  shown t h a t  f o r  high-frequency a p p l i c a t i o n s ,  t h e  m u l t i p l i e r  
phototube dark-cur ren t  n o i s e  i s  n e g l i g i b l e ,  Subsequent a m p l i f i e r  and record-  
i n g  system no i se  should be  unimportant i n  a wel l -designed system. 
phototube no i se  i s  we l l  documented i n  t h e  l i t e r a t u r e  and may be  reviewed i n  
re ferences  11, 13, and 36 through 41 ,  which a l s o  inc lude  ex tens ive  re ference  
l i s t s .  

4 t h e  tube ,  t h e  observed n o i s e  c o n s i s t s  of v a r i a t i o n s  i n  t h e  photoemissive 
I t  

M u l t i p l i e r -  
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If t h e  photoemissive c u r r e n t ,  i ,  i s  thought of  as a random v a r i a b l e ,  w e  
can de f ine  S/N o f  i as 

- 
where i i s  t h e  mean of  i, Erms i s  t h e  root-mean-square e r r o r  of  i about 
t h e  mean, and P ( i )  i s  t h e  p r o b a b i l i t y  law f o r  i .  

I f  we assume t h a t  i r e s u l t s  from a s e r i e s  o f  independent events  ( i . e . ,  
t he  a r r i v a l  of  e l e c t r o n s  a t  t he  f i r s t  dynode i n  a s h o r t  i n t e r v a l  of time, 6 t )  
then P ( i )  becomes a Poisson p r o b a b i l i t y  law (see  r e f .  42) ,  and we have 

(;) = & 
i 

where Ne i s  t h e  mean number of  e l ec t rons  contained i n  t h e  measurement t ime 
i n t e r v a l .  The mean photoemissive c u r r e n t ,  i n  e l e c t r o n s  p e r  second, i s  t h e  
i n t e g r a t e d  product of  t h e  mean inc iden t  photon "current"  and t h e  quantum 
e f f i c i e n c y  of t h e  m u l t i p l i e r  phototube cathode.  Cathode quantum e f f i c i e n c i e s  
o f  some tubes a r e  as high as 0 .2  e l ec t ron  p e r  photon i n  t h e i r  most e f f i c i e n t  
range ( see  r e f .  11, p .  88) ,  s o  t h a t  t h e  (S/N)i given by t h e  above equat ion 
might be as much as 45 percent  ( i  . e . ,  square r o o t  o f  t h e  quantum e f f i c i e n c y )  
of t he  S/N of  t h e  i n c i d e n t  photon "cur ren t . "  

The assumption which was made above o f  independence of t h e  a r r i v a l  of  
e l e c t r o n s  a t  t h e  f irst  dynode is  a s i m p l i f i c a t i o n  of t h e  a c t u a l  s i t u a t i o n .  
There a r e ,  however, s l i g h t  a t t r a c t i v e  i n t e r a c t i o n s  between t h e  photons a r r i v -  
i ng  a t  t h e  cathode and s l i g h t  r epu l s ive  i n t e r a c t i o n s  between t h e  r e s u l t i n g  
e l ec t rons  as they leave t h e  cathode. However, i f  t h e  source i s  incoherent ,  
t h i s  assumption i s  acceptably accura te  f o r  t h e  eva lua t ion  of  t h e  degree of 
no i se  t o  expect from a proposed experiment.  

The no i se  added by t h e  e l e c t r o n  m u l t i p l i c a t i o n  i s  given by t h e  no i se  
f a c t o r ,  nf = m/(m - 1) , where m i s  t h e  gain p e r  s t a g e .  Typical  values  f o r  
t h e  no i se  f a c t o r  f o r  10-stage tubes a r e  2 t o  1 . 3  f o r  o v e r a l l  e l e c t r o n  gains  
of  l o 3  t o  l o 6  (corresponding t o  ga in  p e r  s t a g e  of  2 t o  4 ) .  For t h e  p re sen t  
purpose,  2 w i l l  b e  used as an approximate va lue .  Thus, a t  t h e  m u l t i p l i e r -  
phototube ou tpu t ,  S/N i s  decreased,  and equat ion (C2) becomes (see  r e f .  36) 

=E 
p u t 

I f  the  t ime i n t e r v a l  during which t h e  measurement i s  t o  be  made is  d t ,  
i n  seconds,  then 
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- 
where e i s  t h e  e l e c t r o n  charge,  and i i s  i n  amperes. During 6 t ,  t h e  
s igna l - to -no i se  r a t i o  a t  t h e  mul t ip l ie r -photo tube  output  i s  given by 

The t i m e  r e s o l u t i o n  i n t e r v a l ,  6 t ,  i s  a fundamental parameter of  t h e  
experiment design;  however, t h i s  q u a n t i t y  must b e  i n t e r p r e t e d  i n  terms of 
e l e c t r o n i c  a m p l i f i e r  c h a r a c t e r i s t i c s  ( i . e .  , r i s e  t i m e ,  t ime cons tan t ,  o r  band 
p a s s ) .  The r e l a t i o n s h i p  of  6 t  t o  t hese  parameters i s  somewhat a r b i t r a r y .  
Often the  choice i s  t o  t ake  t h e  e l e c t r o n i c  r i s e  t ime,  T ~ ,  t o  be  equal t o  t h e  
time i n t e r v a l  t o  b e  reso lved .  When t h i s  i s  done, an approximate express ion  
can be obta ined  t h a t  r e l a t e s  (S/N),,tput. t o  t h e  a m p l i f i e r  frequency response.  
The r i s e  time and frequency response a r e  r e l a t e d  by 

- 1  
T r  = - 38 f 

where A f  i s  t h e  e l e c t r o n i c  band pass  of  t h e  system. Equation (C5)  becomes 

- - - p- 
6eAf 

An exact  express ion  i n  terms of  t h e  e l e c t r o n i c  band pass  i s  given i n  
re fe rence  13; i t  i s  modified he re  t o  inc lude  t h e  no i se  f a c t o r ,  and i s  

- 
>,ut pu t = d2nleAf  

The mean cathode cu r ren t  i s  given by 

- 
i = A Am H(A)T(A)E(X)dX, A 

where 

A a r e a  o f  t h e  radiometer  ape r tu re ,  cm2 

H(X) r a d i a n t  f l u x  i n c i d e n t  on t h e  ape r tu re  
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T(X) t ransmiss ion  o f  t h e  o p t i c a l  components between t h e  ape r tu re  and t h e  
cathode 

& ( A )  quantum e f f i c i e n c y  of  t h e  cathode 

Equations (C7) and (C9) permi t  t h e  c a l c u l a t i o n  of  S/N f o r  a s p e c i f i e d  t e s t  
condi t ion .  A l t e r n a t i v e l y ,  t h e  equat ions d e f i n e  a minimum measurable s i g n a l  
f o r  a s p e c i f i e d  minimum (S/N),,t ut.  A s  an example, cons ider  t h e  measurement 
of  t h e  s t r e n g t h  o f  t h e  
b l u n t  model f l y i n g  i n  a b a l l i s t i c  range. 
have an e l e c t r o n i c  r i s e  t i m e  o f  0 . 1 ~ 1 0 - ~  second and t o  c o n s i s t  of an S-20 
m u l t i p l i e r  phototube, a s p e k t r a l  f i l t e r  pass ing  20-percent of  t h e  Na l i n e ,  
and an ape r tu re  of  1 cm2 t h a t  i s  pos i t i oned  1 m from t h e  f l i g h t  pa th .  
minimum acceptab le  (S/N),,tput 

N a  doubyet a t  0.589 p, from t h e  shock reg ion  of a 
The radiometer  w i l l  be  presumed t o  

I f  t h e  
i s  10, then equat ion (C9) becomes 

- 
i = (1 ~m~)1(0.20)(3.5xlO-~A/W) = 0.007 I, A 

where I i s  t h e  i r r a d i a n c e  on t h e  a p e r t u r e ,  W/cm2 ( see  eq .  ( 8 ) ) ,  and t h e  
approximate va lue  f o r  C(X) was obta ined  from re fe rence  1 2 .  Using 
equat ion (C6), equat ion (C7) becomes : 

-. . . . . - 
0.007 I 10 

o r  I = 5x1OS8 W/cm2 i n c i d e n t  on t h e  radiometer  a p e r t u r e .  

Since t h e  d e t e c t o r  subtends (1/100)2 s t e r a d i a n s ,  we a r r i v e  a t  t h e  minimum 
source s t r e n g t h  of 5 ~ 1 0 - ~  W/sr toward t h e  radiometer  t h a t  i s  d e t e c t a b l e  with 
a (S/N) output g r e a t e r  than 10. 

SOLID-STATE INFRARED DETECTORS 

The no i se  observed i n  t h e  output  cu r ren t  o f  a cooled s o l i d - s t a t e  i n f r a r e d  
d e t e c t o r  i s  t h e  r e s u l t  o f  s e v e r a l  s t a t i s t i c a l  p rocesses ;  t h a t  i s ,  t h e  inc iden t  
r a d i a t i o n ,  t h e  genera t ion  and recombination o f  e l ec t ron -ho le  p a i r s ,  and t h e  
leakage o f  cu r ren t  w i t h i n  t h e  d e t e c t o r  m a t e r i a l .  
on what p a r t  o f  t h e  r e s u l t i n g  no i se  i s  due t o  each process  ( r e f .  43);  how- 
eve r ,  f o r  our  purpose,  it i s  p o s s i b l e  t o  cons ider  t h e  n o i s e  i n  the  output  
cu r ren t  as an inhe ren t  proper ty  of  t h e  cu r ren t  t h a t  depends only on i t s  magni- 
tude,  as was t h e  case  f o r  m u l t i p l i e r  phototubes.  This  i s  proper  i f  a l l  t h e  
r a d i a t i o n  i n c i d e n t  on the  d e t e c t o r  emanates from incoherent  sources  ( r e f .  43) . 
The mean output  cu r ren t  from an i n f r a r e d  d e t e c t o r  i s  then  

There i s  some disagreement 
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- - 
where i i s  t h e  mean cu r ren t  generated by t h e  t es t  event  and i b  i s  t h e  
mean cu r ren t  generated by background r a d i a t i o n  i n  t h e  view f i e l d  of t h e  
d e t e c t o r .  

The mean square  n o i s e  i n  t h i s  cu r ren t  i s  given by ( r e f .  44) : 

For d e t e c t i o n  of  weak s i g n a l s ,  we have 
- - 
i << i b  

and equat ion (C11) becomes 

Dividing t h e  root-mean-square no i se  i n t o  t h e  s i g n a l  c u r r e n t ,  we have t h e  
maximum S/N a t t a i n a b l e  f o r  an  i n f r a r e d  d e t e c t o r  

The cu r ren t  generated by t h e  background may b e  approximated by assuming - a 
value of  u n i t y  f o r  t h e  d e t e c t o r  quantum e f f i c i e n c y .  We then have i b  = AHbe 
where A i s  t h e  d e t e c t o r  a r e a  i n  cm2, and Hb i s  t h e  background i r r a d i a n c e  
i n  photons/cm2-sec. The background-induced cu r ren t  can be  reduced by 
cool ing t h e  background (with dry i c e ,  f o r  example). I f  a narrow-pass f i l t e r  
i s  used i n  conjunct ion with the  d e t e c t o r ,  i t  becomes a l l  o r  p a r t  of t h e  
background. To i l l u s t r a t e  t h i s ,  cons ider  an InSb d e t e c t o r  wi th  an a r e a  
of  0 .04 cm2, with a hemispherical  f i e l d  o f  view, and which views a background 
of emis s iv i ty  of 1 from 1 . 0  t o  5 . 5  p ,  f i r s t  a t  room temperature ,  and then  a t  
dry i c e  temperature .  

(1) Room temperature ,  297" K ,  Hb 2 . 4 ~ 1 0 ~ ~  photons/cm2-sec 
- 
i b  E ( 4 ~ 1 0 - ~ )  ( 2 . 4 ~ 1 0 ~ ~ )  ( 1 . 6 ~ 1 0 - ~ ' )  1 . 5 ~ 1 0 - ~  A 

(2) Dry i c e  temperature ,  195" K ,  Hb 1 . 5 ~ 1 0 ' ~  photons/cm2-sec 
- 
ib Z ( 4 ~ 1 0 - ~ )  ( 1 . 5 ~ 1 0 ~ ~ )  ( 1 . 6 ~ 1 0 - ~ ' )  2 9 . 6 ~ 1 0 - ~  A 

In  p r a c t i c e ,  t h e  ( S / N )  f o r  a given radiometer  i s  somewhat l e s s  than  t h a t  
given by equat ion (C14). I f  a conventional vo l t age  a m p l i f i e r  i s  used, i npu t  
Johnson n o i s e  i s  added ( see  r e f .  14) , and t h e  s igna l - to -no i se  r a t i o  becomes 
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where R i s  t h e  Johnson n o i s e  r e s i s t a n c e  (usua l ly  g r e a t e r  than t h e  
ampl i f ie r - input  impedance by a f a c t o r  of 2 o r  3 ) ,  T i s  t h e  temperature ,  and 
k i s  Boltzmann's cons tan t .  

The cu r ren t  a m p l i f i e r  d i scussed  i n  appendix B i s  an ope ra t iona l  a m p l i f i e r  
t h a t  employs nega t ive  feedback t o  achieve a low inpu t  impedance. 
tance  and r e s i s t a n c e  o f  t h e  d e t e c t o r  have an in f luence  on t h e  feedback n e t -  
work, i n  t u r n ,  which a f f e c t s  t h e  r e s u l t i n g  n o i s e .  
t h e r e f o r e  dependent on t h e  p a r t i c u l a r  d e t e c t o r  and i s  d i f f i c u l t  t o  c a l c u l a t e .  
S u f f i c e  i t  t o  say  t h a t  f o r  t h e  a m p l i f i e r  descr ibed ,  and us ing  commercially 
a v a i l a b l e  InSb d e t e c t o r s  with f l a k e  s i z e s  of  about 0.04 cm2, t h e  n o i s e  con- 
t r i b u t i o n  due t o  tl.e a m p l i f i e r  was r e l a t i v e l y  small ,  and r e s u l t z d  i n  a (S/N) 
o f  about h a l f  t h a t  given by equat ion (C14). 

The capaci-  

The a m p l i f i e r  n o i s e  i s  

ADVANTAGE OF MULTIPLIER PHOTOTUBES 

In t h e  i n f r a r e d  response reg ion  of  t h e  photocathode s u r f a c e ,  t h e  quantum 
e f f i c i e n c y  is  very low. 
an as s o r t  men t o f  s o 1 i d- s t a t  e photodiodes with quantum e f f i c i  enci  es  nea r  
1 e l e c t r o n  p e r  photon ( see ,  e . g .  , r e f .  4 5 ) .  The ques t ion  a r i s e s  as t o  when 
t h e  low quantum e f f i c i e n c y  of t h e  photocathode o f f s e t s  t h e  advantage of  t h e  
low-noise e l e c t r o n  ampl i f i ca t ion  t o  such an ex ten t  t h a t  t h e  s o l i d - s t a t e  
photodiode produces a g r e a t e r  s igna l - to -no i se  r a t i o .  The fol lowing a n a l y s i s  
of  t h i s  ques t ion  i s  based on an a n a l y s i s  given i n  r e fe rence  13. 

There are a v a i l a b l e  f o r  u se  i n  t h i s  s p e c t r a l  reg ion  

Consider a low l e v e l  of  monochromatic i r r a d i a n c e  t o  be  measured f i r s t  
by a m u l t i p l i e r  phototube and second by t h e  s o l i d - s t a t e  photodiode. 
Figure 2 7  dep ic t s  t h e  two cases .  We have d i r e c t l y  t h e  average cu r ren t s  from 
t h e  d e t e c t o r s ,  

-. - - - - - -. . . . . . Multiplier 
Dhototube 

, I o  Recording I 
'I - device I j photonwsec 

I 

Solld state 
Dhotodiode 

Figure 27.- Circuits defining i! and i, used 
in discussion of n o i s e .  

48 

CC16) 

- 
i i  = Qi$e  

i 2  = Q2$e 
- an d 

where Q 1  and 42 a r e  t h e  quantum 
e f f i c i e n c i e s  of  t h e  photocathode and 
t h e  s o l i d - s t a t e  photodiode, respec-  
t i v e l y ,  expressed i n  e l ec t rons  p e r  
photon. Using equat ion (C8) w e  can 
wr i te  f o r  t h e  m u l t i p l i e r  phototube 

where we have tzken n = 2 as 
above. f 



Rewriting, we g e t  

If t h e  s o l i d - s t a t e  photodiode i s  t o  b e  considered f o r  replacement of a 
m u l t i p l i e r  phototube, then  i t  should b e  i n s e n s i t i v e  t o  background i r r a d i a n c e  
a t  wavelengths longer  than  about 1 . 2  v .  I f  t h i s  i s  t h e  case ,  equat ion (C12) 
does no t  apply,  as t h e  background i r r a d i a n c e  would b e  l e s s  than  about 

and equat ion (C15) reduces t o  
photons/wec/cm2. The r e s u l t i n g  n o i s e  i n  i2 i s  then  Johnson no i se  

. JR 
Rewriting, us ing  equat ion  (C16), and d iv id ing  t h e  r e s u l t  by 

equat ion (C17), we g e t  

where X 
p l i e r  phototube over  t h e  photodiode. 
r e f .  13) 

r ep resen t s  t h e  improvement i n  s i g n a l - t o - n o i s e  r a t i o  of  t h e  mult i -  
For  a convent ional  a m p l i f i e r  ( s ee ,  

where C i s  t h e  input  capac i tance  expressed i n  f a r a d s .  We then  ob ta in  

where t h e  c o e f f i c i e n t  i s  eva lua ted  f o r  T = 300' K .  Taking C = 20 ~ J ~ . I F ,  and 
Q2 = 1 .0 ,  we have 

Qi 
( W N )  1 

X 1 . 5 ~ 1 0 ~  

If t h e  lowest acceptab le  S/N r a t i c  i s  s p e c i f i e d ,  then  Q 1 ,  which gives  
equal  s igna l - to -no i se  r a t i o s  f o r  each d e t e c t o r ,  can b e  obta ined  from (C19) by 
s e t t i n g  X equal  t o  1. 
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Cathode quantum e f f i c i e n c i e s  g r e a t e r  than t h e s e  va lues  r e s u l t  i n  an 
improvement i n  S/N when a m u l t i p l i e r  phototube i s  used. The fo l lowing  
t a b l e  l i s t s  va lues  of S/N and Q1 f o r  X = 1. 

Cathode quantum e f f i c i e n c i e s  f o r  X = 1, 
- S/N e lec t rons /photon  ~~ 

1 0.00067 
3 .002  

10 .0067 

IMPROVEMENT OF SIGNAL-TO-NOISE RATIO 

A s  can be  seen  from equat ions (C8) and (C14), t h e  S/N can b e  improved 
by decreas ing  t h e  time r e s o l u t i o n  - of t h e  d a t a  ( inc reas ing  Tr ) ,  o r  by inc reas -  
i ng  t h e  mean s i g n a l  c u r r e n t ,  i .  

The osci l lograms i n  f i g u r e  28 q u a l i t a t i v e l y  i l l u s t r a t e  t h e  e f f e c t s  of 
T~ on (S/N)output. 
270 H z ,  a low-level i r r a d i a n c e  on a radiometer  and d i sp lay ing  t h e  s i g n a l  
be fo re ,  during,  and a f t e r  t h e  r a d i a t i o n  p u l s e s .  The radiometer  cons i s t ed  of 
a m u l t i p l i e r  phototube and an a m p l i f i e r  ( f i g .  24).  The upper t r a c e  was made 

The t r a c e s  were made by mechanically modulating a t  

while  t h e  f u l l  frequency response of t h e  
u t i l i z e d  (about 5 MHz, o r  a r i s e  t ime of 

Figure 28.- Outputs from a multiplier-phototube 
radiometer irradiated with the same chopped 
low level source. 

The signal cu r ren t  can be  increased  

a m p l i f i e r  and osc i l l o scope  was 
about 0 .08 psec) .  The no i se  when 
i r r a d i a n c e  i s  p re sen t  i s  due t o  
s t a t i s t i c a l  v a r i a t i o n  of cu r ren t  
w i th in  t h e  m u l t i p l i e r  phototube.  
The lower t r a c e  shows t h e  change i n  
n o i s e  when T~ i s  inc reased  t o  
20 psec by adding a c a p a c i t o r  t o  t h e  
mu 1 t i p 1 i e r  - ph o t o tub e anode ( s e e 
f i g .  23).  The r e s u l t i n g  r i s e  t ime i s  
2 . 3  R C ,  where R i s  t h e  input  imped- 
ance of  t h e  ampl i f i e r .  Thus, i t  i s  
seen  t h a t  t h e  n o i s e  may be decreased 
f o r  d i sp l ay  purposes i f  t ime reso lu-  
t i o n  broadening can be  a f forded  i n  
t h e  da t a .  

b y  s e v e r a l  means t o  improve t h e  
(S/N)output, f o r  example, by choosing a d e t e c t o r  with h i g h e r  quantum e f f i -  
c iency,  o r  i nc reas ing  t h e  r a d i a t i o n  t o  the  photocathode, which may be  achieved 
by moving t h e  radiometer  c l o s e r  t o  the  source  o r  by u t i l i z i n g  improved 
c o l l e c t i o n  o p t i c s .  In  t h e  case  of a monochromator wi th  a given s p e c t r a l  reso-  
l u t i o n ,  t h e  maximum r a d i a t i o n  t o  t h e  photocathode i s  wi th  t h e  s l i t  widths 
equal .  Other techniques t h a t  i nc rease  t h e  e f f e c t i v e  e f f i c i e n c y  of  a 
mul t ip l ie r -photo tube  cathode by mul t ip l e  r e f l e c t i o n  a r e  d iscussed  i n  
re ferences  46 and 47. 
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APPENDIX D 

STANDARD LAMP-CURRENT ACCURACY REQUIREMENTS 

The emission from s t anda rd  tungs ten  lamps (used f o r  radiometer  
c a l i b r a t i o n )  i s  exceedingly s e n s i t i v e  t o  t h e  ope ra t ing  c u r r e n t .  The requi red  
accuracy of  cu r ren t  measurement i s  der ived  below, i n  terms of t h e  d e s i r e d  
c a l i b r a t i o n  accuracy.  The d e r i v a t i o n  i s  based on r e l a t i n g  r a d i a n t  power from 
t h e  lamp t o  t h e  e lec t r ica l  power d r i v i n g  t h e  lamp. 

The s p e c t r a l  rad iance  from a tungs ten  lamp f i lament  i s  given by t h e  
fol lowing equat ion:  

E(A,T)  = E(A,T)W(A,T) 

where 

E(X,T)  s p e c t r a l  rad iance ,  W/cm2-p 

E (X,T) emis s iv i ty  of  tungs ten  

x wavelength, 1-1 

T f i lament  temperature ,  " K  

and 

which i s  Planck 's  blackbody equat ion ,  with C1 
C2 equal  t o  14,400 p-"K. From equat ion (Dl) t h e  r e s u l t  i s  immediately 
obtained t h a t  

equal  t o  37,413 W-p4/cm2 and 

ainE exp - c2 + E - 
AT aT 

_ -  a~ ''E (exp 
aT  - 

9 

Note t h a t  f o r  X < 1 u and T < 3000" K w e  have 

exp c2 >> 1 
AT 

Also, from d a t a  shown i n  r e fe rence  2 2 ,  it w a s  der ived  t h a t  



The d a t a  of  t h i s  r e fe rence  a r e  f o r  temperatures  
i n e q u a l i t i e s  (D4) and (DS), we rewrite equat ion  

c2 - E -  aE  _ -  
aT AT2 

from 1600° t o  2800" K .  
( D 3 )  as 

Using 

The above express ion  descr ibes  the  change of  s p e c i f i c  rad iance  t h a t  
r e s u l t s  from f i lament  temperature change. 

The t o t a l  power r a d i a t e d  from t h e  lamp f i lament  i s  r e l a t e d  t o  t h e  inpu t  
e l e c t r i c a l  power i n  t h e  fol lowing equat ion:  

i 2 R  = g70T4A 0 7 )  

where 

i lamp c u r r e n t ,  A 

R f i l ament  r e s i s t a n c e ,  R 

5 inverse  f i lament  e f f i c i e n c y ,  assumed t o  b e  a cons tan t  

- 
F t o t a l  emis s iv i ty  of tungsten 

0 Stefan-  Bo 1 t zmann cons tan t  , W/cm2- O K 4  

A r a d i a t i n g  a r e a ,  cm2 

From equat ion (D7) i t  i s  obtained t h a t  

a i  a R  2 i R  - aT + i2 - 8T = kET3 

where 

From the  r e s u l t s  of re ference  48 i t  was a l s o  der ived  t h a t  alnF/alnT << 4 ;  
t hus ,  

r 

Rearranging equat ion (D9) and s u b s t i t u t i n g  i n  equat ion (D7),  we g e t  

T a i  - T a R  2 - -- 
i aT 2R aT 
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Note t h a t  

where p i s  t h e  r e s i s t i v i t y  of tungs ten ,  ohm-cm, and equat ion  (D10) becomes 

Combining equat ions (D11) and (D6), we g e t  

E a i  T 
i a E  

An equat ion f i t t e d  t o  t h e  r e s i s t i v i t y  d a t a  of r e fe rence  48 i s ,  

p = - l . O x l O - '  -t 3 . 3 7 ~ 1 0 - *  T (Dl31 

f o r  T g r e a t e r  than 1000" K .  S u b s t i t u t i n g  equat ion (D13) i n t o  equa- 
t i o n  (D12), and r ep lac ing  a E / a i  by 6 E / 6 i  t o  r ep resen t  a c t u a l  small e r r o r s ,  
we ge t  

6i = (T - 396) ( AT ) 6 E  I AT 6 E  
i (T - 297) 9 . 6 ~ 1 0 3  E - 1047 - 

where 6E/E and 6 i / i  are f r a c t i o n a l  e r r o r s  i n  s p e c t r a l  r a d i a n t  output  and 
c u r r e n t ,  r e s p e c t i v e l y .  Equation (D14) r e l a t e s  t h e  accuracy i n  lamp cu r ren t  
t o  the  accuracy i n  t h e  s p e c t r a l  rad iance .  

For v e r i f i c a t i o n ,  a s t r i p - f i l a m e n t  lamp and a co i led- f i lament  lamp o f  
t h e  types descr ibed  i n  t h i s  r e p o r t  were opera ted  under var ious  cond i t ions .  
The r a t i o  of f r a c t i o n a l  change i n  cu r ren t  t o  t h e  f r a c t i o n a l  change i n  r a d i -  
ance was compared t o  t h a t  c a l c u l a t e d  by t h e  approximate form of  (D14), as 
fo l lows:  

( 6 i / i )  / (6E/E) 
~~ . 

Lamp f i lament  IT ,  "K A ,  p Calcula ted  Measured 

S t r i p  2200 0.38 0.083 0.097 
Coiled 2900 .38 . l l  . 1 4  
Coi led 2900 .25 . 072  .094 

-~ - - _I- 

Note t h a t  a t  s h o r t  wavelengths t h e  lamp-radiance accuracy i s  of  t h e  o r d e r  of 
0 . 1  of t h e  c u r r e n t  accuracy.  

- . .- ~ - .  

'These temperatures  were deduced from c o l o r  temperatures  measured wi th  
an o p t i c a l  pyrometer and a r e ,  t h e r e f o r e ,  only approximate f o r  t h e  co i led-  
f i lament  lamp. 
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The above d a t a  show t h a t  equat ion (D14), although approximate, is 
adequate f o r  determining t h e  degree of  p r e c i s i o n  t o  expect  from t h e  s tandard  
lamps descr ibed  i n  t h i s  r e p o r t  when t h e  ope ra t ing  condi t ions  - s p e c i f i c a l l y  
t h e  accuracy of cu r ren t  r egu la t ion  and t h e  meter ing apparatus  t h a t  i s  used - 
are descr ibed.  
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